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Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sir: 

On January 13, 2005, the Examiner made a final rejection to pending Claims 39-43. A 
Notice of Appeal was filed on June 13, 2005. 

Appellants hereby appeal to the Board of Patent Appeals and Interferences from the last 
decision of the Examiner. A request for a 1 month extension of time is filed concurrently 
herewith. 

The following constitutes Appellants' Brief on Appeal. 



APPELLANTS' BRIEF 



09/19/2005 HftWOl 00000002 081641 09902713 
01 FC:1402 500.00 M 



1. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the patent application U.S. Serial No. 09/665,350 recorded July 9, 2001, at Reel 
01 1964 and Frame 0181. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to an antibody which binds to a 
polypeptide referred to herein as "PR0269". There exist two related patent applications, (1) 
U.S. Serial No. 09/904,766, filed July 12, 2001 (containing claims directed to PR0269 
polypeptides), and (2) U.S. Serial No.09/907,841, filed July 17, 2001 (containing claims directed 
to polynucleotides encoding PR0269 polypeptides). U.S. Serial No. 09/907,841 has been 
allowed. U.S. Serial No. 09/904,766 is also under final rejection from the same Examiner and 
based upon the same outstanding rejection, and appeal of this final rejection is being pursued 
independently and concurrently herewith. 

3. STATUS OF CLAIMS 

Claims 39-43 are in this application. 
Claims 1-38 and 44 are canceled. 

Claims 39-43 stand rejected and Appellants appeal the rejection of these claims. 

A copy of the rejected claims involved in the present Appeal is provided as Appendix A. 



4. STATUS OF AMENDMENTS 

There were no amendments to the claims submitted after final rejection. All previous 
amendments to the claims have been entered. 



5. SUMMARY OF THE INVENTION 



The invention claimed in the present application is related to an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO: 96 (Claim 39). The invention is further 
directed to an antibody that specifically binds to the polypeptide of SEQ ID NO: 96 which is a 
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monoclonal antibody, a humanized antibody or an antibody fragment. (Claims 40, 41 and 42). 
The invention is further directed to an isolated antibody that specifically binds to the polypeptide 
of SEQ ID NO: 96 which is labeled. (Claim 43) 

The full-length PR0269 polypeptide having the amino acid sequence of SEQ ID NO:96 
is described in the specification at, for example, page 12, line 30 to page 13, line 1, page 40, lines 
1-11, page 103, lines 4-12, in Figure 36 and in SEQ ID NO:96. PR0269 is described as a novel 
polypeptide having a signal peptide sequence and a transmembrane domain (see, for example, 
Example 15 and Figure 36). As shown in Example 92 and Table 9 of the specification, PR0269 
showed approximately 2-3.5 fold amplification in 8 primary lung tumors and tumor cell lines, 
(see Table 9). The cDNA nucleic acid encoding PR0269 is described in the specification at, for 
example, Example 15, in Figure 35 and in SEQ ID NO:95. Page 60, lines 18-22 of the 
specification provides the description for Figures 35 and 36. Examples 53-56 describe the 
expression of PRO polypeptides in various host cells, including E. coli, mammalian cells, yeast 
and Baculovirus-infected insect cells. The preparation of antibodies that bind PRO polypeptides 
is set forth in the specification at pages 139-147 and Example 57. 

6. ISSUES BEFORE THE BOARD 

I. Whether Claims 39-43 satisfy the utility requirement of 35 USC §101. 

II. Whether Claims 39-43 satisfy the enablement requirement of 35 USC §1 12, first 
paragraph. 

7. GROUPING OF CLAIMS 

With respect to Issue I, all claims (Claims 39-43) stand and fall together. 
With respect to Issue n, all claims (Claims 39-43) stand and fall together. 



-3- 



Appeal Brief 
Application Serial No. 09/902,713 
Attorney's Docket No. 39780-1618P2C34 



8. ARGUMENTS 
Summary of the Arguments; 



Issue I: Utility 

Claims 39-43 stand rejected under 35 U.S.C. §101 as allegedly lacking either a specific 
and substantial asserted utility or a well established utility. Appellants have previously explained 
that patentable utility of the antibodies which bind to the PR0269 polypeptides is based upon the 
gene amplification data for the gene encoding the PR0269 polypeptide. The specification 
discloses that the gene encoding PR0269 showed significant amplification, ranging from 2 to 3.5 
fold , in 8 different lung primary tumors and tumor cell lines. Appellants have also submitted, 
with their Response filed March 24, 2003, the Declaration of Dr. Audrey Goddard, which 
explains that a gene identified as being amplified at least 2-fold by the disclosed gene 
amplification assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer , for monitoring cancer development and/or for measuring the efficacy of 
cancer therapy. Accordingly, based on the Goddard Declaration and the teachings in the 
specification, one of ordinary skill would find it credible that the claimed antibodies that 
specifically bind to PR0269 polypeptides have utility for the diagnosis of lung tumors . 

In response to this evidence, the Examiner has asserted that "the specification provides 
data showing a very small increase in DNA copy number, approximately 2 fold, in a few tumor 
samples for PR0269. There is no evidence regarding whether or not the PR0269 mRNA or 
polypeptide levels are also increased in these tumor samples. Since the instant claims are 
directed to antibodies that bind the PR0269 polypeptide, it was imperative to find evidence in 
the relevant scientific literature whether or not a small increase in DNA copy number would be 
considered by the skilled artisan to be predictive of increase mRNA and polypeptide levels" 
(Page 6 - 7 of the Office Action mailed January 13, 2005). In support of this assertion, the 
Examiner has cited references by Pennica et al and Konopka et aL, as "evidence of lack for 
correlation between gene amplification and increased polypeptide levels." (Page 7 of the Office 
Action mailed January 13, 2005). The Examiner has cited Haynes et al, as "providing evidence 
that polypeptide levels cannot be accurately predicted from mRNA levels" (Page 7 of the Office 
Action mailed January 13, 2005). 
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Appellants submit that the Examiner applied an improper legal standard when making 
this rejection. The evidentiary standard to be used throughout ex parte examination in setting 
forth a rejection is a preponderance of the totality of the evidence under consideration. Thus, to 
overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima facie 
showing of lack of utility, does the burden of rebuttal shift to the applicant. 

The references cited by the Examiner do not suffice to make a prima facie case that more 
likely than not no generalized correlation exists between gene (DNA) amplification and increased 
polypeptide levels. In particular, the combined teachings of Pennica et al and Konopka et al. are 
not directed towards genes in general but to a single gene or genes within a single family and 
thus, their teachings cannot support a general conclusion regarding correlation between gene 
amplification and mRNA or protein levels. Haynes teaches that there is a general trend but no 
strong correlation between protein and transcript levels in yeast. 

In contrast, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al. (made of 
record in Appellants 1 Response filed November 3, 2004) collectively teach that in general, gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, (made 
of record in Appellants Response filed November 3, 2004) principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general there is a correlation between mRNA levels and polypeptide levels . Clearly, the 
research community believes that the information obtained from these chips is useful (i.e., that it 
is more likely than not informative of the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes , as exemplified by Orntoft et al, Hyman et al, Pollack et al, and the Polakis 
Declaration, the teachings in the art overwhelmingly show that gene amplification influences 
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gene expression at the mRNA and protein levels . Therefore, one of skill in the art would 
reasonably expect in this instance, based on the amplification data for the PR0269 gene, that the 
PR0269 polypeptide is concomitantly overexpressed. Thus, the claimed PR0269 polypeptides 
have utility in the diagnosis of cancer. 

Appellants further submit that even if there is no correlation between gene amplification 
and increased mRNA/protein expression, (which Appellants expressly do not concede), a 
polypeptide encoded by a gene that is amplified in cancer would still have a specific, substantial, 
and credible utility. Appellants submit that, as evidenced by the Ashkenazi Declaration ( made 
of record in Appellants Response filed October 16, 2003) simultaneous testing of gene 
amplification and gene product over-expression enables more accurate tumor classification , even 
if the gene-product, the protein, is not over-expressed. This leads to better determination of a 
suitable therapy for the tumor. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PR0269 polypeptides. 

Issue II: Enablement 

Claims 39-43 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention." (Page 3 of the Office Action mailed January 13, 2005). 

Appellants submit that, as discussed above, the antibodies which bind to PR0269 
polypeptides have utility in the diagnosis of cancer. Based on such a utility, one of skill in the art 
would know exactly how to use the claimed polypeptides for diagnosis of cancer, without any 
undue experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 
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ISSUE I: Claims 39-43 satisfy the utility requirement of 35 USC §101 

Claims 39-43 stand rejected under 35 U.S.C. §101 because allegedly "the claimed 
invention is not supported by either a credible, specific and substantial asserted utility or a well 
established utility." (Page 3 of the Office Action mailed January 13, 2005). 

The Examiner has asserted that "the specification provides data showing a very small 
increase in DNA copy number, approximately 2 fold, in a few tumor samples for PR0269. 
There is no evidence regarding whether or not the PR0269 mRNA or polypeptide levels are also 
increased in these tumor samples. Since the instant claims are directed to antibodies that bind the 
PR0269 polypeptide, it was imperative to find evidence in the relevant scientific literature 
whether or not a small increase in DNA copy number would be considered by the skilled artisan 
to be predictive of increased in mRNA and polypeptide levels" (Page 6 - 7 of the Office Action 
mailed January 13, 2005). In support of this assertion, the Examiner has cited references by 
Pennica et aL 9 Konopka et al 9 and Haynes et ai 9 as "evidence of lack for correlation between 
gene amplification and increased polypeptide levels." (Page 7 of the Office Action mailed 
January 13,2005). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the claimed antibodies that specifically 
bind to the PR0269 polypeptides. 

A. The Legal Standard for Utility 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added.) 

In interpreting the utility requirement, in Brenner v. Manson 1 the Supreme Court held that 
the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 
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2 

her invention, i.e. a utility "where specific benefit exists in currently available form." The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 3 

Later, in Nelson v. Bowler 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may not 
establish a specific therapeutic use. The court held that "since it is crucial to provide researchers 
with an incentive to disclose pharmaceutical activities in as many compounds as possible, we 
conclude adequate proof of any such activity constitutes a showing of practical utility." 5 

In Cross v. Iizuka 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "/« vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between." 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility." 8 

The case law has also clearly established that Applicants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that Applicants 1 claims of usefulness are not believable on their face. 10 In 

2 Id at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid 
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general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in the 

11 12 

art to question the objective truth of the statement of utility or its scope." , 

Compliance with 35 U.S.C. §101 is a question of fact. 13 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when it 
is particular to the subject matter claimed. For example, it is generally not enough to state that a 
nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the public" 
or similar formulations used in certain court decisions to mean that products or services based on 
the claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 

11 In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Jolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
USPQ 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 USPQ 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092(2001). 
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can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement, 17 gives the following instruction to patent examiners: 
"If the applicant has asserted that the claimed invention is useful for any particular practical 
purpose . . . and the assertion would be considered credible by a person of ordinary skill in the 
art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that Appellants rely on the gene amplification data for 
patentable utility of the claimed antibodies that specifically bind to the PR0269 polypeptides, 
and that the gene amplification data for the gene encoding the PR0269 polypeptide is clearly 
disclosed in the instant specification under Example 92. 

It was well known in the art at the time the invention was made that gene amplification is 
an essential mechanism for oncogene activation. The gene amplification assay is well-described 
in Example 92 of the present application. Example 92 discloses that the inventors isolated 
genomic DNA from a variety of primary cancers and cancer cell lines that are listed in Table 9, 
including primary lung tumors of the type and stage indicated in Table 8. As a negative control, 
DNA was isolated from the cells often normal healthy individuals, which was pooled and used 
as a control. Gene amplification was monitored using real-time quantitative TaqMan™ PCR. 
Table 9 shows the resulting gene amplification data. Further, Example 92 explains that the 
results of TaqMan™ PCR are reported in ACt units, wherein one unit corresponds to one PCR 
cycle or approximately a 2-fold amplification relative to control, two units correspond to 4- fold 
amplification, 3 units to 8-fold amplification etc. 

Appellants respectfully submit that a ACt value of at least 1.0 was observed for PR0269 
in at least 8 of the tumors and tumor cell lines listed in Table 9. PR0269 showed approximately 
1 to 2 ACt units which corresponds to 2 1 04 to 2 1 80 - fold amplification or 2.056 to 3.482 fold 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 II (B)(1). 
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amplification in primary lung tumors. Accordingly, the present specification clearly discloses 
overwhelming evidence that the gene encoding the PR0269 polypeptide is sienificantlv 
amplified in a number of lung tumors. 

It is also well known that gene amplification occurs in most solid tumors, and generally is 
associated with poor prognosis. 

In support, Appellants have submitted, in their Response filed March 24, 2003, a 

Declaration by Dr. Audrey Goddard. Appellants particularly draw the Board's attention to page 3 

of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy 
number in the tumor sample relative to the normal sample serves as a basis for 
using relative gene copy number as quantitated by the TaqMan PCR technique 
as a diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 
2-fold by the quantitative TaqMan PCR assay in a tumor sample relative to a 
normal sample is useful as a marker for the diagnosis of cancer, for 
monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. (Emphasis added). 

As indicated above, the gene encoding the PR0269 polypeptide shows at least a two fold 
amplification in the lung tumors tested. In addition, the Goddard Declaration clearly establishes 
that the TaqMan real-time PCR method described in Example 92 has gained wide recognition for 
its versatility, sensitivity and accuracy, and is in extensive use for the study of gene amplification. 
The facts disclosed in the Declaration also confirm that based upon the gene amplification 
results, one of ordinary skill would find it credible that PR0269 is a diagnostic marker of lung 
cancer. 

Thus data relating to PR0269 polypeptide expression may be used for the same 
diagnostic and prognostic purposes as data relating to PR0269 gene expression. Example 92 in 
the specification further discloses, "Amplification is associated with overexpression of the gene 
product, indicating that the polypeptides are useful targets for therapeutic intervention in certain 
cancers such as colon, lung, breast and other cancers and diagnostic determination of the 
presence of those cancers." Accordingly, based on the Declaration by Dr. Goddard and the 
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teachings in the specification, one of ordinary skill would find it credible that the PR0269 
polypeptide is a useful target as a cancer marker for diagnostic determination of the presence of 
lung tumors . 

Appellants 1 position is based on the overwhelming evidence from gene amplification data 
disclosed in the specification which clearly indicate that the gene encoding PR0269 is 
significantly amplified. Based on the working hypothesis among those skilled in the art that if a 
gene is amplified in cancer, the encoded protein is likely to be expressed at an elevated level, one 
skilled in the art would simply accept that since the PR0269 gene is amplified, the PR0269 
polypeptide would be more likely than not over-expressed. Accordingly, based on the disclosure 
in the specification, no additional experiments would be necessary to determine how to use the 
claimed antibodies, because the current invention is fully enabled by the disclosure of the present 
application. 

Accordingly, Appellants submit that based on the general knowledge in the art at the time 
the invention was made and the teachings in the specification, the specification provides clear 
guidance as to how to interpret and use the data relating to the PR0269 polypeptide expression 
and that the antibodies that specifically bind PR0269 polypeptides have utility in the diagnosis of 
cancer. 

C. A prima facie case of lack of utility has not been established 

As a preliminary matter, Appellants respectfully submit that it is not a legal requirement 
to establish a necessary correlation between an increase in the copy number of the DNA and 
protein expression levels that would correlate to the disease state, nor is it imperative to find 
evidence that DNA amplification is "always" associated with overexpression of the gene product. 
As discussed above, the evidentiary standard to be used throughout ex parte examination of a 
patent application is a preponderance of the totality of the evidence under consideration. 
Accordingly, the question is not whether a necessary or even strong correlation between an 
increase in copy number and protein expression levels exists, but whether it is more likely than 
not that a person of ordinary skill in the pertinent art would recognize such a positive correlation. 
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Appellants respectfully submit that when the proper evidentiary standard is applied, a correlation 
must be acknowledged. 

The Examiner cited the abstract of Konopka et al to establish that protein expression is 
not related to gene amplification. Appellants submit that the PTO has generalized a very specific 
result disclosed by Konopka et al to cover all genes. Konopka et al actually state that "[p]rotein 
expression is not related to amplification of the abl gene but to variation in the level of bcr-ab\ 
mRNA produced from a single Ph 1 template." (See Konopka et al, Abstract, emphasis added). 
The paper does not teach anything whatsoever about the correlation of protein expression and 
gene amplification in general and provides no basis for the generalization that apparently 
underlies the present rejection. The statement of Konopka et al that "[p]rotein expression is not 
related to amplification of the abl gene . . " is not sufficient to establish a prima facie case of 
lack of utility. It is not enough to show that for a particular gene a correlation does not exist. 
The law requires that the Examiner show evidence that it is more likely than not that such 
correlation, in general, does not exist. Such a showing has not been made. 

The Examiner also cited the abstract of Pennica et al as providing evidence showing lack 
of correlation between gene (DNA) amplification and elevated mRNA levels. The standard, 
however, is not absolute certainty. The fact that in the case of a specific class of closely related 
molecules there seemed to be no correlation with gene amplification and the level of 
mRNA/protein expression, does not establish that it is more likely than not, in general, that such 
correlation does not exist. The Examiner has not shown whether the lack of correlation observed 
for the family of WISP polypeptides is typical, or is merely a discrepancy, an exception to the 
rule of correlation . Indeed, the working hypothesis among those skilled in the art is that, if a 
gene is amplified in cancer, the encoded protein is likely to be expressed at an elevated level. In 
fact, as noted even in Pennica et al, "[a]n analysis of WISP-l gene amplification and expression 
in human colon tumors showed a correlation between DNA amplification and over-expression . . 
. ." (Pennica et al, page!4722, left column, first full paragraph, emphasis added). Accordingly, 
Appellants respectfully submit that Pennica et al teaches nothing conclusive regarding the 
absence of correlation between amplification of a gene and over-expression of the encoded WISP 
polypeptide. More importantly, the teaching of Pennica et al is specific to WISP genes. Pennica 
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et al has no teaching whatsoever about the correlation of gene amplification and protein 
expression in general . 

The Examiner has cited Haynes et al, as providing evidence that polypeptide levels 
cannot be predicted from mRNA levels. Contrary to the Examiner's reading, Haynes teaches that 
"there was a general trend but no strong correlation between protein [expression] and transcript 
levels" (Emphasis added). For example, in Figure 1, there is a positive correlation between 
mRNA and protein levels amongst most of the 80 yeast proteins studied. In fact, very few data 
points deviated or scattered away from the expected normal and no data points showed a negative 
correlation between mRNA and protein levels (i.e. an increase in mRNA resulted in a decrease in 
protein levels). Appellants further note that Haynes was studying yeast cells and not human 
cells. Haynes et al notes that their analysis focused on the 80 most abundant proteins in the 
yeast lysate (page 1867). Haynes et al states "since many important regulatory proteins are 
present only at low abundance, these would not be amenable to analysis" (page 1867). Further, 
Haynes et al compared the protein expression levels of these naturally abundant proteins to 
mRNA expression levels from published SAGE frequency tables, (page 1863). Accordingly, 
Haynes et al did not compare mRNA expression levels and protein levels in the same yeast cells. 
Thus the analysis by Haynes et al is not applicable to the present application. 

The Patent Office has failed to meet its initial burden of proof that Appellants 1 claims of 
utility are not substantial or credible. The arguments presented by the Examiner in combination 
with the Pennica et al, Konopka et al and Haynes et al, articles do not provide sufficient 
reasons to doubt the statements by Appellants that PR0269 has utility. As discussed above, the 
law does not require the existence of a strong or linear correlation between mRNA and protein 
levels. Nor does the law require that DNA amplification is "always" associated with 
overexpression of the gene product.. Therefore, Appellants submit that the Examiner's reasoning 
is based on a misrepresentation of the scientific data presented in the above cited references and 
application of an improper, heightened legal standard. In fact, contrary to what the Examiner 
contends, the art indicates that, if a gene is amplified in cancer, it is more likely than not that the 
encoded protein will be expressed at an elevated level. 
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D. It is "more likely than not 11 for amplified genes to have increased mRNA and 
protein levels 

Appellants have submitted ample evidence to show that, in general, if a gene is amplified 
in cancer, it is more likely than not that the encoded protein will be expressed at an elevated 
level. First, the articles by Orntoft et aL, Hyman et aL, and Pollack et aL, (made of record in 
Appellants' Response filed November 3, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, (made 
of record in Appellants' Response filed November 3, 2004) principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general, there is a correlation between mRNA levels and polypeptide levels . Thus, taken 
together, all of the submitted evidence supports Appellants' position that gene amplification is 
more likely than not predictive of increased mRNA and polypeptide levels. 

Appellants submit that generally, if a gene is amplified in cancer, it is more likely than 
not that the encoded protein will be expressed at an elevated level. For example, Orntoft et aL 
studied transcript levels of 5600 genes in malignant bladder cancers many of which were linked 
to the gain or loss of chromosomal material using an array-based method. Orntoft et aL showed 
that there was a gene dosage effect and taught that "in general (18 of 23 cases) chromosomal 
areas with more than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts" 
(see column 1, abstract). 

In addition, Hyman et aL showed, using CGH analysis on cDNA microarrays which 
compared DNA copy numbers and mRNA expression of over 12,000 genes in breast cancer 
tumors and cell lines, that there was "evidence of a prominent global influence of copy number 
changes on gene expression levels." (See page 6244, column 1, last paragraph). 

Additional supportive teachings were also provided by Pollack et aL, who studied a series 
of primary human breast tumors and showed that "62% of highly amplified genes show 
moderately or highly elevated expression, and DNA copy number influences gene expression 
across a wide range of DNA copy number alterations (deletion, low-, mid- and high-level 
amplification), and that on average, a 2-fold change in DNA copy number is associated with a 
corresponding 1.5-fold change in mRNA levels ." (emphasis added) Thus, these articles 
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collectively teach that in general, gene amplification increases mRNA expression. 

The Examiner states that Orntoft et al do not appear to look at gene amplification, 
mRNA levels and polypeptide levels from a single gene at a time. Orntoft et al concentrated on 
regions of chromosomes with strong gains of chromosomal material containing clusters of gene. 
It is not clear whether or not PR0269 is in a gene cluster in a region of a chromosome that is 
highly amplified. Therefore the relevance of Orntoft et al is allegedly not clear (page 4 of the 
Office Action mailed January 13, 2005). 

The Examiner states that: "Hyman et al used the same CGH approach in their research. 
Less than half (44%) of highly amplified genes showed mRNA overexpression (abstract). 
Polypeptide levels were not investigated. Therefore Hyman et al also do not support utility of 
the claimed polypeptides" (Page 4 of the Office Action mailed January 13, 2005). The Examiner 
states that "Pollack et al also used CGH technology concentrating on large chromosome regions 
showing high amplification. Pollack et al, did not investigate polypeptide levels. Therefore 
Pollack et al also do not support the asserted utility of the claimed invention." (Pages 4-5 of the 
Office Action mailed January 13, 2005) 

Appellants respectively point out that in Orntoft et al, 1,800 genes that yielded an 
increase or decrease in mRNA expression in two invasive tumors compared to the two non- 
invasive papillomas were then mapped to chromosomal locations. The chromosomes had 
already been analyzed for amplification by hybridizing tumor DNA to normal metaphase 
chromosomes (CGH). Orntoft et al used CGH alterations as the independent variable and 
estimated the frequency of expression alterations of the 1,800 genes in the chromosomal areas. 
Orntoft et al found that in general (77% and 80% concordance) areas with a strong gain of 
chromosomal material contained a cluster of genes having increased mRNA expression (page 
40). Orntoft et al states "For both tumors TCC733 (p<0.015) and TCC827 (p<0.00003) a highly 
significant correlation was observed between the level of CGH ratio change (reflecting the DNA 
copy number) and alterations detected by the array based technology" (page 41, col. 1). Orntoft 
et al, also studied the relation between altered mRNA and protein levels using 2D-PAGE 
analysis. Orntoft et al, states "In general there was a highly significant correlation (p<0.005) 
between mRNA and protein alterations. . .26 well focused proteins whose genes had a known 
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chromosomal location were detected in TCCs 733 and 335, and of these 19 correlated (p<0.005) 
with the mRNA changes detected using the arrays." Clearly Orntoft et al support Appellants 
position that proteins expressed by genes that are amplified in tumors are useful as cancer 
markers. 

The Examiner has stated that Appellants have not indicated whether PR0269 is in a gene 
cluster region of a chromosome. (Page 4 of the Office Action mailed January 13, 2005). 
Appellants fail to see how this is relevant to the analysis. Orntoft et al did not limit their 
findings to only those regions of amplified gene clusters. Further, as discussed below, Hyman et 
al and Pollack et al did gene-by-gene analysis across all chromosomes. 

Appellants respectively submit that the Examiner has mischaracterized the methods used 
by Hyman et al and Pollack et al in their analysis. These papers did not use traditional CGH 
analysis to identify amplified genes. In Hyman et al, 13,824 cDNA clones were placed on glass 
slides in a microarray and genomic DNA from breast cancer cell lines and normal human WBCs 
were hybridized to the cDNA sequences. For expression analysis , RNA from tumor cell lines 
were hybridized on the same microarrays. The 13,824 arrayed cDNA clones were analyzed for 
gene expression and gene copy number in 14 breast cancer cell lines. Hyman et al states that the 
cDNA/CGH microarray technique enables the direct correlation of copy number and expression 
data on a gene-by-gene basis throughout the genome (page 6242, col. 2). Hyman et al state, 
"The results illustrate a considerable influence of copy number on gene expression patterns." For 
example, Hyman et al teach that "[u]p to 44% of the highly amplified transcripts (CGH ratio, 
>2.5) were overexpressed (i.e. 9 belonged to the global upper 7% of expression ratios) compared 
with only 6% for genes with normal copy number." (See page 6242, column 1). Further, Hyman 
et al state that "[t]he cDNA/CGH microarray technique enables the direct correlation of copy 
number and expression data on a gene-by-gene basis throughout the genome." (See page 6242, 
column 2). Therefore, the analysis performed by Hyman et al was on a gene-by gene basis, and 
clearly shows that "it is more likely than not" that a gene which is amplified in tumor cells will 
have increased gene expression. 

In Pollack et al, DNA copy number alteration across 6,691 mapped human genes in 44 
predominantly advanced primary breast tumors and 10 breast cancer cell lines was profiled. 
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Pollack et al further state, "Parallel microarray measurements of mRNA levels reveal the 
remarkable degree to which variation in gene copy number contributes to variation in gene 
expression in tumor cells." (See Abstract). "Genome-wide, of 1 17 high-level DNA 
amplifications (fluorescence ratios >4, and representing 91 different genes), 62% (representing 
54 different genes; . . .) are found associated with at least moderately elevated mRNA levels 
(mean-centered fluorescence ratios >2), and 42% (representing 36 different genes) are found 
associated with comparably highly elevated mRNA levels (mean-centered fluorescence ratios 
>4)" (page 12966). Therefore, the analysis performed by Pollack et al was also on a gene-by 
gene basis, and clearly shows that "it is more likely than not" that a gene which is amplified in 
tumor cells will have increased gene expression. 

With regard to the correlation between mRNA expression and protein levels, Appellants 
submitted a Declaration by Dr. Polakis, principal investigator of the Tumor Antigen Project of 
Genentech, Inc., the assignee of the present application, to show that mRNA expression 
correlates well with protein levels, in general. As Dr. Polakis explains, the primary focus of the 
microarray project was to identify tumor cell markers useful as targets for both the diagnosis and 
treatment of cancer in humans. The scientists working on the project extensively rely on results 
of microarray experiments in their effort to identify such markers. As Dr. Polakis explains, using 
microarray analysis, Genentech scientists have identified approximately 200 gene transcripts 
(mRNAs) that are present in human tumor cells at significantly higher levels than in 
corresponding normal human cells. To date, they have generated antibodies that bind to about 30 
of the tumor antigen proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. Having compared 
the levels of mRNA and protein in both the tumor and normal cells analyzed, they found a very 
good correlation between mRNA and corresponding protein levels. Specifically, in 
approximately 80% of their observations they have found that increases in the level of a 
particular mRNA correlates with changes in the level of protein expressed from that mRNA. 

While the proper legal standard is to show that the existence of correlation between 
mRNA and polypeptide levels is more likely than not, the showing of approximately 80% 
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correlation for the molecules tested in the Polakis Declaration greatly exceed this legal standard. 
Based on these experimental data and his vast scientific experience of more than 20 years, Dr. 
Polakis states that, for human genes, increased mRNA levels typically correlate with an increase 
in abundance of the encoded protein. He further confirms that "it remains a central dogma in 
molecular biology that increased mRNA levels are predictive of corresponding increased levels 
of the encoded protein." 

With regard to the correlation between mRNA expression and protein levels, the 
Examiner has asserted that the Polakis Declaration is insufficient to overcome the rejection of 
claims 39-43 since it is limited to a discussion of data regarding the correlation of mRNA levels 
and polypeptide levels and not gene amplification levels. The Examiner further asserted that the 
declaration does not provide data such that the Examiner can independently draw conclusions. 
(Page 6 of the Office Action mailed January 13, 2005). 

Appellants submit that Dr. Polakis' Declaration was presented to support the position that 
there is a correlation between mRNA levels and polypeptide levels, the correlation between gene 
amplification and mRNA levels having already been established by the data shown in the Orntoft 
et al, Hyman et al, and Pollack et al articles. Appellants emphasize that the opinions expressed 
in the Polakis Declaration, including the quoted statement, are all based on factual findings. 
Thus, Dr. Polakis explains that in the course of their research using microarray analysis, he and 
his co-workers identified approximately 200 gene transcripts that are present in human tumor 
cells at significantly higher levels than in corresponding normal human cells. Subsequently, 
antibodies binding to about 30 of these tumor antigens were prepared, and mRNA and protein 
levels were compared. In approximately 80% of the cases, the researchers found that increases in 
the level of a particular mRNA correlated with changes in the level of protein expressed from 
that mRNA when human tumor cells are compared with their corresponding normal cells. Dr. 
Polakis' statement that "an increased level of mRNA in a tumor cell relative to a normal cell 
typically correlates to a similar increase in abundance of the encoded protein in the tumor cell 
relative to the normal cell" is based on factual, experimental findings, clearly set forth in the 
Declaration. Accordingly, the Declaration is not merely conclusive, and the fact-based 
conclusions of Dr. Polakis would be considered reasonable and accurate by one skilled in the art. 

-19- 

Appeal Brief 
Application Serial No. 09/902,713 
Attorney's Docket No. 39780-1618P2C34 



The case law has clearly established that in considering affidavit evidence, the Examiner 
must consider all of the evidence of record anew. 18 "After evidence or argument is submitted by 
the applicant in response, patentability is determined on the totality of the record, by a 
preponderance of the evidence with due consideration to persuasiveness of argument" 19 
Furthermore, the Federal Court of Appeals held in In re Alton, "We are aware of no reason why 

20 

opinion evidence relating to a fact issue should not be considered by an examiner" . Appellants 
also respectfully draw the Examinees attention to the Utility Examination Guidelines 21 which 
state, "Office personnel must accept an opinion from a qualified expert that is based upon 
relevant facts whose accuracy is not being questioned; it is improper to disregard the opinion 
solely because of a disagreement over the significance or meaning of the facts offered." The 
statement in question from an expert in the field (the Polakis Declaration) states that "it is my 
considered scientific opinion that for human genes, an increased level of mRNA in a tumor cell 
relative to a normal cell typically correlates to a similar increase in abundance of the encoded 
protein in the tumor cell relative to the normal cell." Therefore, barring evidence to the contrary 
regarding the above statement in the Polakis Declaration, this rejection is improper under both 
the case law and the Utility guidelines. 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between polypeptide and 
mRNA levels, these instances are exceptions rather than the rule. In the majority of amplified 
genes , the teachings in the art, as exemplified by Orntoft et al. t Hyman et al f Pollack et al., and 
the Polakis Declaration, overwhelmingly show that gene amplification influences gene 
expression at the mRNA and protein levels. Therefore, one of skill in the art would reasonably 
expect in this instance, based on the amplification data for the PR0269 gene, that the PR0269 

18 In re Rinehart, 531 F.2d 1084, 189 USPQ 143 (C.CP.A. 1976) and In re Piasecki, 745 F.2d. 1015, 226 
USPQ 88,1 (Fed. Cir. 1985). 

19 In re Alton, 37 USPQ2d 1578 (Fed. Cir 1966) at 1584 quoting In re Oetiker, 977 F.2d 1443, 1445, 24 
USPQ2d 1443, 1444 (Fed. Cir. 1992)). 

20 In re Alton, supra. 

21 Part IIB, 66 Fed. Reg. 1098 (2001). 
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polypeptide is concomitantly overexpressed. Thus, Appellants submit that the PR0269 
polypeptides and antibodies have utility in the diagnosis of cancer and based on such a utility, 
one of skill in the art would know exactly how to use the antibody for diagnosis of cancer. 

The Examiner cites Hu et al for support that genes displaying a 5 -fold change or less in 
tumors compared to normal showed no evidence of a correlation between altered gene expression 
and a known role in the disease (page 6 of the Office Action mailed January 13, 2005). 
However, among genes with a 10-fold or more change in expression level, there was a strong and 
significant correlation between expression level and a published role in the disease. 

Appellants disagree with the applicability of Hu et al in this case. Appellants note that 
Hu et al only studies the statistical analysis of micro-array data and not gene amplification data. 
Therefore, their findings would not be directly applicable to the gene amplification data. In 
addition, Appellants respectfully submit that the Hu et al reference does not show a lack of 
correlation between microarray data and the biological significance of cancer genes. 

First, the analysis by Hu et al has certain statistical flaws. According to Hu et al, 
"different statistical methods" were applied to "estimate the strength of gene-disease relationships 
and evaluated the results." (Page 406, left column, emphasis added). Using these different 
statistical methods, Hue/ al n [a]ssessed the relative strengths of gene-disease relationships based 
on the frequency of both co-citation and single citation." (Page 41 1, left column). It is well 
known in the art that various statistical methods allow different variables to be manipulated to 
affect the outcome. For example, the authors admit, "Initial attempts to search the literature 
using" the list of genes, gene names, gene symbols, and frequently used synonyms, generated by 
the authors "revealed several sources of false positives and false negatives." (Page 406, right 
column). The authors further admit that the false positives caused by "duplicative and unrelated 
meanings for the term" were "difficult to manage. 1 ' Therefore, in order to minimize such false 
positives, Hu et al disclose that these terms "had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some genes. " Id. Hence, Appellants 
respectfully submit that in order to minimize the false positives and negatives in their analysis, 
Hu et al manipulated various aspects of the input data. 

Secondly, Appellants submit that the statistical analysis by Hu et al is not a reliable 
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standard because the frequency of citation only reflects the current research interest of a molecule 
but not the true biological function of the molecule. Indeed, the authors acknowledge that 
"[relationship established by frequency of co-citation do not necessarily represent a true 
biological link." (Page 411, right column). It often happens in the scientific study that important 
molecules are overlooked by the scientific society for many years until the discovery of their true 
function. Therefore, Appellants submit that Hu et al drew their conclusions based on a very 
unreliable standard and their research does not provide any meaningful information regarding the 
correlation between the microarray data and the biological significance. 

Even assuming that Hu et al provide evidence to support a true relationship, the 
conclusion in Hu et al only applies to a specific type of breast tumor (estrogen receptor (Ex- 
positive breast tumor) and can not be generalized as a principle governing microarray study of 
breast cancer in general, let alone the various other types of cancer genes in general . In fact, even 
Hu et al admit that: "[i]t is likely that this threshold will change depending on the disease as well 
as the experiment. Interestingly, the observed correlation was only found among ER-positive 
(breast) tumors not ER-negative tumors." (Page 412, left column). Therefore, based on these 
findings, the authors add, M [t]his may reflect a bias in the literature to study the more prevalent 
type of tumor in the population. Furthermore, this emphasizes that caution must be taken when 
interpreting experiments that may contain subpopulations that behave very differently." Id. 
(Emphasis added). 

Appellants further submitted the Declaration by Avi Ashkenazi, Ph.D., an expert in the 
field of cancer biology and a Director of the Molecular Oncology Department at Genentech, Inc., 
the assignee of the present application. In his Declaration, Dr. Ashkenazi states: 

"If gene amplification results in over-expression of the mRNA and corresponding gene 

product, then it identifies that gene product as a promising target for cancer therapy, for 

example by the therapeutic antibody approach. " 

In summary, Appellants respectfully submit that the Examiner has not shown a lack of 
correlation between gene amplification data and the biological significance of cancer genes. On 
the other hand, Appellants have clearly demonstrated a credible, specific and substantial asserted 
utility for the PR0269 polypeptide and for the antibody that specifically binds to PR0269. 
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E. Even if a prima facie case of lack of utility has been established, it should be 
withdrawn on consideration of the totality of evidence 

Even if one assumes arguendo that it is more likely than not that there is no correlation 

between gene amplification and increased mRNA/protein expression, which Appellants submit is 

not true, a polypeptide encoded by a gene that is amplified in cancer would still have a specific, 

substantial, and credible utility. In support, Appellants respectfully draw the Board's attention to 

page 2 of the Declaration of Dr. Avi Ashkenazi (submitted with the Response filed October 16, 

2003) which explains that, 

even when amplification of a cancer marker gene does not result in significant 
over-expression of the corresponding gene product, this very absence of gene 
product over-expression still provides significant information for cancer diagnosis 
and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring 
of gene amplification and gene product over-expression enables more accurate 
tumor classification and hence better determination of suitable therapy. In 
addition, absence of over-expression is crucial information for the practicing 
clinician. If a gene is amplified but the corresponding gene product is not over- 
expressed, the clinician accordingly will decide not to treat a patient with agents 
that target that gene product. 

Appellants thus submit that simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification, even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy. Further, as 
explained in Dr. Ashkenazi 's Declaration, absence of over-expression of the protein itself is 
crucial information for the practicing clinician. If a gene is amplified in a tumor, but the 
corresponding gene product is not over-expressed, the clinician will decide not to treat a patient 
with agents that target that gene product. This not only saves money, but also has the benefit that 
the patient can avoid exposure to the side effects associated with such agents. 

Appellants have clearly shown that the gene encoding the PR0269 polypeptide is 
amplified in at least 8 primary lung tumors and lung tumor cell lines. Therefore, the PR0269 
gene is a tumor associated gene. Furthermore, as discussed above, in the majority of amplified 
genes, the teachings in the art overwhelmingly show that gene amplification influences gene 
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expression at the mRNA and protein levels. Therefore, one of skill in the art would reasonably 
expect in this instance, based on the amplification data for the PR0269 gene, that the PR0269 
polypeptide is concomitantly overexpressed. 

However, even if gene amplification does not result in overexpression of the gene product 
(i.e., the protein) an analysis of the expression of the protein is useful in determining the course 
of treatment, as supported by the Ashkenazi Declaration. The Examiner appears to view the 
testing described in the Ashkenazi Declaration as experiments involving further characterization 
of the PR0269 polypeptide itself. In fact, such testing is for the purpose of characterizing not the 
PR0269 polypeptide, but the tumors in which the gene encoding PR0269 is amplified. The 
PR0269 polypeptide and antibodies which specifically bind thereto are therefore useful in tumor 
categorization, the results of which become an important tool in the hands of a physician 
enabling the selection of a treatment modality that holds the most promise for the successful 
treatment of a patient. 

For the reasons given above, Appellants respectfully submit that the present specification 
clearly describes, details and provides a patentable utility for the claimed invention. 
Accordingly, Appellants respectfully request reconsideration and reversal of the rejections of 
Claims 39-43 under 35 U.S.C. §101. 

ISSUE II: Claims 39-43 satisfy the enablement requirement of 35 USC §112, first 
paragraph. 

Claims 39-43 stand rejected under 35 U.S.C. §112, first paragraph, allegedly "since the 
claimed invention is not supported by either a specific and substantial asserted utility or a well 
established utility for the reasons set forth above, one skilled in the art clearly would not know how 
to use the claimed invention." (Page 3 of the Office Action mailed January 13, 2005). 

In this regard, Appellants refer to the arguments iand information presented above in 
response to the outstanding rejection under 35 U.S.C. § 101, wherein those arguments are 
incorporated by reference herein. Appellants respectfully submit that as described above, the 
PR0269 polypeptides have utility in the diagnosis of cancer and based on such a utility, one of 
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skill in the art would know exactly how to use the claimed polypeptides for diagnosis of cancer, 
without undue experimentation. 

Accordingly, Appellants respectfully request reconsideration and reversal of the 
enablement rejection of Claims 39-43 under 35 U.S.C. §112, first paragraph. 

9. CONCLUSION 

For the reasons given above, Appellants submit that the specification discloses at least 
one patentable utility for the antibodies that specifically bind to PR0269 polypeptides of Claims 
39-43, and that one of ordinary skill in the art would understand how to used the claimed 
antibodies in the diagnosis of lung tumors. Therefore, claims 39-43 meet the requirements of 35 
USC §101. 

Accordingly, reversal of all the rejections of claims 39-43 is respectfully requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-1618 P2C34) . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: September 13, 2005 




Leslie A. Mooi (Reg. No. 37,047) 



-25- 



Appeal Brief 
Application Serial No. 09/902,713 
Attorney's Docket No. 39780-1618P2C34 



SI 






APPENDIX A 



Claims on Appeal 



39. An isolated antibody that specifically binds to the polypeptide of SEQ ID NO: 96. 

40. The antibody of Claim 39 which is a monoclonal antibody. 

41 . The antibody of Claim 39 which is a humanized antibody. 

42. The antibody of Claim 39 which is an antibody fragment. 

43. An isolated antibody that specifically binds to the polypeptide of SEQ ID NO: 96 



which is labeled. 
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EVIDENCE APPENDIX 



t 




1. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. 1.132. 

2. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. 1.132 

3. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. 1.132 

4. Orntoft et al, Mol. and Cell Proteomics, 1 :37-45 (2002) 

5. Hyman et al. Cancer Res., 62:6240-45 (2002) 

6. Pollack et al, Proc. Nat. Acad. Sci. USA, 99: 12963-12968 (2002) 

7. Pennica et al, Proc. Natl Acad. Sci., USA. 95: 14717-14722 (1998) 

8. Konopka et al, Proc. Natl. Acad. Sci. USA 83:4049-4052 (1986) 

9. Haynes et al, Electrophoresis 19: 1862-1871 (1998). 

10. Hu et al, Journal ofProteome Research 2:405-412 (2003). 

Item 1 was submitted with Appellants response March 24, 2003. Item 2 was submitted with 
Appellants response October 16, 2003. Items 3-6 were submitted with Appellants' Response filed 
November 3, 2004, and noted as considered by the Examiner in the final Office Action mailed 
January 13,2005. 

Items 7-9 were made of record by the Examiner in the Office Action mailed January 21, 2004. 
Item 10 was made of record by the Examiner in the Office Action mailed January 13, 2005. 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C.F.R. § 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 



Sir: 

1, Audrey D. Goddard, PLD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. ■ Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sci. USA . 95(25): 1471 7-14722 (1998) (Exhibit E);" Pitti et al, Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et al. Ant J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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Filed: * 



7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown • 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



Date 



Audrey D. Goddard, Ph.D. 





AUDREY D. GODDARD, 



Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154' 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 



• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical thals 



1998 -2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate • 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1 983 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989- 

1983- 

1983 

1983 

1981 

1981 

1980- 

1979- 



1983 
1982 
1981 
1980 



1992 
1988 



INVITED PRESENTATIONS 



Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand hornologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL NL3 Tie ligand hornologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand hornologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand hornologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Dgte of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie t M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH ( Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell ScL 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang, J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schiibach S, Goddard A and Dixit V. (1999) mE10 t a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P ( 
Brush J f Heldens S, Schow P, Goddard AD, Wood Wl, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA t Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors.. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 



Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q ( Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19: 15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptpsis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R t Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. NatL 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube* This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PCR. Since tfae fluorescence of 
EtBr increases in the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to clin- 
kal c&gnosdcs arc well known 2 ' 5 , it is *ull not 
widely used m this setting, even though it is 
JEVmr year* cinoo thcrnwwttabte PNA p©**™*** 
ase* 4 made PCR practicaL Some of the reasons for its slow 
acceptance arc high cost, tack, of automation of pre* and 
post-PCR processing steps, and false positive results frorn 
carryovd -contamination. The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most Current assays require 
some form of "downstream" processing once thermocy* 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridiwbon 3 * gel electrophoresis with or 
without use of reliction digestion*:*, HPLCr, or capillary 
electrophoresis 10 . These methods art labor-intense, have 
low throughput, and arc difficult to automate. The third 
point is also closcry related to downstream processing. 
The handling of the PC& product in these dowrotrcaitt 
processes increases the chances that amplified DNA wiH 
spread through the typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing 11 . 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m whkh such different processes take 
place without, the need to separate reaction components 
have been termed \tomogexteou5"\ No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported* Chehab, et 
al. 1 ^ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AHc*c^peci£ic primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers tnust still be 
removed in a downstream process in orderto v&uahzc the 
result Recently, Holland, et al> 13 , developed 
which the endogenous 5 r exdoudease assay of TV*} DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to decect the dcavage prcxiucts, however, a subse- 
quent process is again needed, 

We have developed a truly homogeneous assay for PGR 
and PCR prcdiiet detection based upon tbc gready in- 
creased fluorescence that ethidiura bromide and other 
DNA binding dyes exhibit when they are bound .tojte- 
DNA l4 - l « As outlined in Figure 1, a prototype PGR 
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1 Principle of simultancoua ampfifirariVm and detect ton of 

PCR producL The cosnpencnts of a PCR containing EtBr thai aero 
6vore»cent are listed— £tBr ttself, EtBr bgund toother ssDNA ot 
daDN A- There is a large nuoresccncc enhannr merit when EtBr is 
bound to 0NA and hmdirig is greatly enhanced when DNA .us 
double-stTandcd, After sufficient <n)..cydcs of PGR, the .net 
increase m dsDNA rexidts u> addin'ooal £tBr binding and 9 net I 
increase in total Aiuxrcsccncc: 
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Mm 2 Gel electrophoresis of PCS. Amplification products of the 
human, nuclear gene, HLA DQtt, made in the presence of 
increasing amounts of EtBr (up to 8 H-g/tnl). The presence of 
EtBr has no obvious effect on the yield or specificity of amplifi- 
cation. 
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MORE % (A) Fluorescence measurement* from PCRs that contain 
0.5 p$ftn! EtBr and that are specific for Y^fotnworiae repeat 
seouence*. Txvz replicate PCRs were begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
fCRs for each DNA removed from thermocydmg and its 
fluorescence measured, UntU of fliroreaccnce Are arbitrary. (B) 
UV photography of PGR tube* (Q.5 ml Eppcndfcrf^tylc, polypro- 
pylene mtct^<entrifucc tubes) conUmtng reactions^ those start- 
ing from 5 ng male DNA and control reactions without any DNA, 
from (A), 
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begins with primers that are single-stranded DNA (ss- 
DNA)» dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, de] 



on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR* e , If EtBr b present, the reagents 
that will fluoresce, in order of irKreasititg fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubiohefix). After the first denatu ration cycle* target 
DNA will be largely single-stranded. After a PCS i* 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much Jess than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
iliumination through the walls of the amplification vessel 
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before and after, or even amiinuously during, thermocv- 
ding. ' 

RESULTS 

PGR in fiie presence of EtBr, In order to assess the 
affect of EtBr in PGR, amplifications of the human Hi j\ 
DQct ge*ie >9 were performed with the dye present at 
concentrations from 0,06 to 8,0 ugfanl (a typical conceu- 
oration of EtBr used in staining of nucleic acids following 
get electrophoresis is 0*5 M-g/mf). As shown in Figure 2, gej 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Delectioift of human Y-chromosorac specific tf&- 
cprcnees* Seqtience-spedfic, fluorescence enhancement of 
EtBr ax a result of PGR was demonstraied in a scries of 
amplifications containing 0,5 ug/ml EtBr and primer? 
fipeofic to repeat DNA sequences found on the human 
Y-chromo$omc**- These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA, After 9, 
17, 21 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the theirraocycler, and its, fluo- 
rescence measured in a spoctromiorometeT and plotted 
vs. amplification cycle number (Fiff. 3A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA U 
becoming linear and not exponential with cycle number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycle* were needed to give a dctectabte increase in fluo- 
rescence. Gel electropnorons oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA coritammg 
reactions and that Utile DN A synthesis took place in the 
control samples. 

In addition,, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs or* a UV 
transilhiminatOT aod photographing them through a red 
filter. This is shown in figure 5B Lor the reactions that 
began with 2 ng mate DNA and those with no DNA- 

Detection of specific allele* of the human p-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sickle-cell anemia mutation was performed* Figure 
4 shows the ftuotescencc from completed axapMcatioT* 

containing EtBr (0.5 »&£fail) a* detected by photography 
of the reaction tubes on a UV transillominator. These 
reactions were performed using primers specific for c> 
ther the wM-tvpe or skkk-oeil mutation of the human 
P-globin gene* 1 . The sperirkity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
armealing temperature, primer extension — and thus an> 
piific3tjon— -can take place only if the 5' nucleotide of the 
primer is com^lcmcrjitary to the £-gJobin aUdc present* 1 ^ 
Each pair ol amplications shown in Figure 4 consists of 
a reaction with either the wihMypc allele specific (left 
tube) or skkie-alleie sperinc (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wHd-type p~globin individual (AA); from a heterozygous 
sickle p~giobin individual (AS); and from a homozygous 
sickle jj-gioten Individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DNA .type vas reflected in the 
Liatrve fluorescence intensities in each pair of completed 
Am plt£catioitt. There was a significant increase in fiuores- 
only where a p-globin allele DNA matched the 
printer set* When measured on a spectrofluorotneter 
M a ta not shown), this Buorcsccixcc was about three times 
present in a PGR where both 0-dobin alleles were 
^matched to the primer set. Gel clectrophoresi* (not 
phowii) established that this increase in fluorescence was 
due co the synthesis of nearly a microgram of a DNA 
fragment of the expected size for 0-globin. There was 
little synthesis of dsDNA in reactions in which the allele- 
$pcdfic primer was mismatched to both alleles. 

Conttovous moxutoriog of a PCR* Using a fiber optk 
devtcerit is possible to direct excitation Uiuminaiion from 
n spectrofl uorometer to a PGR undergoing thennocyding 
„nd to return its fluorescence to the Kpectroftuofomcter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containmg amplification ofY-chromo* 
some specific sequences from 25 ng of toman male DNA* 
is shown in Figure 5. The readout from a control frCR 
w Hii no target DNA is also shown. Thirty cycles of PCR 
V ere monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the theraocyding. Fluorescence inten- 
sity rises and fails uavcTscJy with temperature* The fluo- 
rescence intensity is minimum at the denaturation tem- 
per? tore (94°C) and maadmum at the anneaUn^extension 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbennocyctefi, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any Webbing of EtBr during 
the continuous illumination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase ai about 4000 second* of thermocyding, and 
continue to increase whfa time* indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denaturation temperature do not 
fljgtiificantly increase, presumably because at this temper- 
ature there is no cUDNA for Etfir to bind. Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel cketropbo- 
few showed a DNA fragment of the expected size for the 
mate DNA containing sample and no detectable DNA 
synthesis for the control sample, 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific: probe can enhance die specificity of DNA 
deceuiuu by PGR. The chrmoation v€ tbeac processes 
means that' the specificity of this homogeneous assay 
depends solely on that of PCfL In the case of skkle-celi 
dittase, we have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
Appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required' to do genetic screening, 
depend] ng on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of » viral genome that can be at the level of a few copies 
per thousands of host cells 6 . Compared with genetic 
screening, which is performed on cdls containing at least 
one copy of the target sequence* HIV ideteetion requires 
both more specificity and the input of more total 
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UV photography of PCR tubes containing lunptineatioiu 
using EtBr that are specific to viWUtypc (A) or *ic&« (5> alleles of 
tbc human p-globin gene. The left of each pairof tubes contains 
aftele*$pecifje primers to the wild-type alleles, the right tube 
primers to the sicWe attete- The photograph *a* taien after 30 
cycles of PCR, and the input DNA* and the alleles they contain 
are indicated- Fi% Jag of DNA was used to begin PGR. Typmg 
was done in triplicate (3 pairs OFPC&) for cadi input DNA: 
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RGtKi ConrittttOUS, rcat-tzxae monitoring of a PCR, A fiber optic 
was osed to earn excitation light to a r^R m progress and also 
emitted light back to a fluoromctcr (see Expentncntal Pnttocoi). 
Amplication tfstog human male-DNA specific primers in a PCR. 
Starting with 20 ng of human male DNA {top) T or in x control 
PCR mthout DNA (bottom), were roonhorrd. Thirty cycle* of 
PCR were followed for each. Tike temperature cycled between 
94*C (denaturatiotn) and 50*C (annealing and extension}. Note in 
the male DNA PCR, the cycle (rime) depe^cet increase in 
fluorescence at the aoiieaEag/extcnswm teroperature. 
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DN A — up to microgram amount*— ia order to have suf- 
ficient number* of target sequences. This large amount of 
starting DNA in an ampliation sigftifcautly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the 4k primer-^dimer rr 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare, f he primer- 
dimcr product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase FCR specificity and reduce the effect of 
primer-dimcT amplification, we axe investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 9 , and the 
"hot-start", in which nonspecific amplication is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest tbatpnxncr-dirocT b effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* celts. With Larger numbers of cc«s, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PGR product over 
genomic DNA by mcorporaiing the dye-binding DNA 
sequence into the PCft product through a 5' "add-on" to . 
the olironi^eotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing FCR is straightforward, 
both once PGR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising- aspect of ibis assay. The Huorescence analysis 
of completed PCRs is alreadyjpossiblc with existing instru- 
mentation in 96-weJl formar*. In this format; the fluores- 
cence in each PGR can be auantitated before, after, and 
even at selected points during thermocye*mg by moving 
the rack of PCRs to a 9$-rnicrowc)l plate fluorescence 
reader 40 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. Tlie ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure & shows that 
the larger the amount of starting target DNA, the sooner 
during PC.R a fluorescence increase is detected. Prefirai- 
nary experiments <Higychi and DoUinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
know*} — as a can be in genetic scTeening-^eontinuous 
monitoring may provide a means of detecting false posi- 
tive and false ncgattve result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by 9 predictable number of cydes of PGR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
results due to, for example., inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
b this assay, conclusions are drawn based on die presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of ttfr false 
posiuWfalse negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplication from outside 
ihe PCR tube* In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples* 

EXPERIMENTAJL PROTOCOL 

Human HLA-DQw gene AmpHBaukma <Mtainiiig EtBr. 
PCRs were set up inlOO |*1 volumes confining 10 mM Tris-HCK 
pH 8.3; 50 mM KC!; 4 mM MgO*: 33 units of Toe DNA 
polymerase (FHtiiwEHrtcr Gctus. Norwatk, CT); 20 pinole each 
of human HtA-DQa ' gene specific oligonucleoaoe primers 
(iH26 and CH27 19 and apjmwWely 10* copies of DQto PCR 
product diluted from a previous fraction. Edndium bromide 
(Et&n StgttiA) was used at the concentrations indicated ia Figure 
2. liiermocyding proceeded for 20 cycles in a model 430 
thennocyder (Perkjn-Elmer Cera*, NorwaJk, CT) using a "stcp- 
cyclc" program of 94*C for 3 mhvdeaaturation and 6<rC for 30 
sec annealing and 72°C for 30 sec. extension. 

Y-chroato9omc specific PCIL PCRa (100 ul total reaction 
volume) containing 1U» y&fml EtBr were prepared as described 
for HLA-DQo, except with different primers and target DNAs. 
These PCRs confined 1 5 pmofe each male DNA-spcctfie prime** 
VI. 5 and Vl.2 20 , and cither 60 ng male, 60 Og female, 2 ng male, 
or no human DNA. Thennocycling was £K*C Tor t nun, and 60^C 
for 1 min using a "step-cycle* prog r a m- The number of cydEes for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described bctow. 

Allefe-spcchiCy human fs-gftobin, gcotf PCR* Amplifications of 
100 fd vpSumc using 0 5 ug/ml of ZtBr were prepared as 
described for HLA-DQ* above except with di£erenl pruncr* and 
target DNAs. These PCfts contained either, primer pair HOPS/ 
H0MA <wiW-type globiti specific primers) or HCFSWH(*14$ (sick- 
le-gloom specific primers) at 10 pmole each primer per PCR. 
These primers were developed by Wu ct aL 21 . Three different 
target DNA* were used in separate amplificationfir— 50 ng each of 
human DNA that was homozygous for the sickle trait (55)* DMA 
that was heteroryrous for the sickle trait (AS), or DNA that was 
homozygous for the w.t- ^Jobrn (AA). Thcrmocycfing wins U>t SO 
cycles at 94"C for 1 nun. and 55*C for 1 min. itstttt a "su^-cycte" 
program. An anneahng temperature of 55X badlrcen shown by 
Wo et al* 1 to provide ailclc-spcrifk amplification. Completed 
PCRs were pr*fiographcd through a red filter <W*ratten 23A) 
after pladhg the reaction tubes atop a model TM-S6 transiHuOH- 
nator (UV-products Sarv Gabriel, CA)l 

Fhioresec^ce measm-exnetxt. Fluorescence mcasurcraents were 
mad* oh PCRs containing EtBr in a Fluorolog-2 floorometer 
^FHX, Edison> NJ). Excitation was at the 500 nm band with 
ahour 2 nm bandwidth with a GG 435 ntn cut-off filter jMcll« 
Grist Inc.* Irvine. CA) to exclude second-order light. Eamted 
tight wa* detected at 5?0 nm with a bandwidth of about 7 nm- An 
OG 530 ttm cut-off filter was used to remove theaedtadon 

ContitHtouft fliHMreseence UMn u tor l "g of pCR - Continuous 
monitoring of a PCR in progress was accomplished using the 
spectrofiuorometet and settings described above as weW as a 
fiberoptic accessory <SH£X cat no. 1950) 10 both send exotajjon 
light to, and receive emitted Ught frqm. a PCR placed in a well at 
a model *80 thermocyder (Ftrkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 mrn utc-cpoxy" to the 
open top of a PCR tube (a 0.5 ml potoropyiene centrifuge tube 
with its cap removed) effectively scaling iC The exposed" tof > <J 
the PGR tube and the end of the fiberoptic cable were sliielded 
from Twiu light and the rOOW light* were kept dimmed during 
each run. The monitored PCR was an awpTrfi cation of y-cbio- 
rrK*s6me-spednc repeat seqoences as described above, except 
usins;.an anneaKng/extension cemperauarc of 5CC. The reacnoa 
was covered with miner*) oil (2 drops) to prevent evaporation- 
Tbcrmocycliny and ftuoresotnee measurement were started si- 
multaneously, A tune-base -scan, with a 10 second kitegranoo tone 
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uwsd and ihc orttbaoa signal was ratioed to the excitation 
•ugoal to control for change* In light-source intensity. were 
(jSlcdtd using the dro3w0f, version 2*5 (SPEX) data system. 

We ttani Bob Tone* for help with the fipectrofluormetric 
0rtjuiir«mcnts and HealherbeU Foiiy for editing this manuscript. 
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IMWUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysaccharlde 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of its soluble form is aftefed under 
certain pathological conditions. There- is evidence for 
an important role Of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker -and is therefore of value in 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -plasma, ce!|-cutture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit 1 ng/mi 
C V: intra- and interassay < s% 



For more information call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A* Flood, Jeffrey Marrrwo, William Giusti, and Karin Deetz 
PcrkJn-Dmcr, Applied Uiosystcms Divltlon, Fester CUy, California 94404 
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; The 5' titicleete PCR mtxmy datnets the 
( accumulation ef specific PCRproducfi. 
1 by hybridization and cleavage of a 
double-labeled fiuorogenlc probe 
during the amplification reaction. 
The probe It an oligonucleotide with 
1 both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In* 
dlcetes that the probe has hybridized 
to the target PCR product and h«» 
< been cleaved by the 5'— »3' nude- 
olytlc activity of Taq DN A polymerase. 
In Utb study, probes with the 

• quencher dy* attached to an Internal 
nucleotide were compared with 
probe* with the quencher dye at- 
tached to the 3 -end nucleotide. In all 

1 caw, the reporter dye was attached 
to the 5' end. Alt Intact probes 
thawed quenching of the reporter 
fluorescence. In general, probes with 

• the quencher dye attached to the 3 - 
end nucleotide exhibited a larger slg. 

' nal In the 5' nuclease PCR assay than 
the Internally labeled probe*. It Is 
proposed that the larger signal b 
caused by Increased likelihood v f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quendier dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Tlius, oligonucle- 
otides with reporter end quencher 
dyes attached at opposite ends can 
be used ai homogeneous bybrldlzn- 



r\ homogeneous assay for detecting 
tin* *<\*ui nidation of specific 1*CR prod- 
uct mat u$e$ a double-labeled flu ero- 
genic probe was dftseribed by Lee et al. <1) 
The assay exploit!; the 5' • > 3' nude- 
olyilc activity of Taq DNA poly- 
meiaM?' 7 '^ nnt) fo diagramed in Mgure 1. 
The fluorogenit: pruhit to Heists of an oli- 
gonucleotide* iMtlli u reporter fluorescent 
dye, >uvli a fluorescein, attached To 
the 5 1 end; and a quencher dye, such as a 
rhodamine, Attached internally. When 
the fluorescein is excited by irradiation, 
Us fluorescent emission will he 
quenched if the ihouamftie b close 
enough to be excited through the pro- 
cess Of Quoresceiice energy transfer 
(M7r). M -*> During PCR, if the probe is hy. 
bridized to a template ttiamJ, Taq DNA 
polymerase will cleave the probe be- 
cause of its Inherent .V •+ 2* nucleolytic 
activity. If the cleavage occur* between 
the fluorescein and rhodamlnc dyes, it 
causes an increase in fJuoicsvein fluores- 
cence intensity because the fluorescein 
w no longer quenched. The increase in 
fluorescein fluorescence intensity inch* 
caicx that the probe-specific I'CR product 
has ljin:r i generated. Thus, FET between a 
mjMiilri dye and a quencher dye Is criti- 
cal to the performance of the piube in 
the 5' uuileaae PCR assay. 

Qucnrhing is completely dependent 
on the physical proximity of the two 
dye*/' 0 Because of thb, il hbA Inam av 
Mimed thol the quencher dye mu»L be 
uUached nesi the 5' end. Surprisingly, 
we have found that attaching a rho- 
doiuiiie dye aL the 3' end of a ptulse 



PCIX assay. l»urlh firm ore, cleavage of thl$ 
type of probe, is not required to achieve 
some reduction In quenching. .Oligonu- 
cleotides with a reporter dye on the 5' 
end arid a quencher dye on the 3' end 
exhibit a much higher reporter fluores* 
Cvnce when double-stranded as com- 
pared with sinxle-strondcd. This should 
make it possible lo use this type of dou- 
ble* labeled probe (or homogeneous de- 
tection of nucleic acid Hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
study. Linker arm nucleotide (UN) 
phoaphoramidhc was obtained from 
GJen Research. The standard UNA phos- 
phoramiditcs, 6-carboxy fluorescein (6* 
FAM) phosphorainidite! 6-carboxytet^ 
rnmcthylrhodaminc succinimldyj ester 
(TAMRA NHS ester), and Phosphnlink 
for attaching a H '-blocking phosphate, 
were oDtamcd horn Pr.r kin-Elmer, Ap- 
plied Biosystems UiviMon. Oligonucle- 
otide synthesis was performed using an 
AIM model 394 dna synthesiser (Applied 
Diosystems). rTJtner and complement 
oligonucleotides were purifictl u.sing 
Oilgu Pujirication Cartridges (Applied 
BloSYaleim). l>imblc-luln:)t:d prober wen* 
nyriihe-slr.ed with u-FAM* labeled phov 
pltuidiiiidilt: nt the 5' und, IAN n'pludng 

onii of the Ts in the sequence, and I'hos- 
phalink «»t the end. Following de- 
piotto:t!on and cthunul precipitation* 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of tne 5' 3' nucieorytie ac- 
tivity of Taq UNA polymerase acting on a fluoruj;cnic probe UurJnK one extension phase of I'CR. 



niM Na-blcarl>onatc buffer (pU 9.0) at 
room temperature. Un reacted dye wo* 

icniuvct] Li/ p<ia>age ovci a I'D-10 Sepha* 

dcx column, Finally, Ihc double-labeled 
probe, wm purified by preparative high- 
performance liquid chromatography 
(UPIjC) wring an Aquaporc C M 220x4.6- 
mm column with 7-p.m particle sise. The 
column wu developed with a 24*mJii 
linear gradient of $-20% ucetonltrlle in 
0,) m TEAA (tricthylamlnc acetate). 
Probes are named try designating the se- 
quence from Tabic 1 and the position of 
the 1AN-TAMRA moiety. Tor example, 
probe A1-7 ha* sequence At with IAH- 
TAMKAat nucleotide position 7 from the 
.S' end. 



PCR i>»ictn> 

All PCR amplifications were performed 
in the Pcrkin-Elmcr CcncAmp PCR Sys- 
tem 96>UO using M>>U reactions that con- 
tained 10 itim Tris-HCl (pH 50xnM 
KCI, 200 u-M dAW, 200 m-m 4C1V, 200 um 
dCTP, 400 u-m dUTP, 0.5 unit of AnxpEr- 
aie uracil N-glycosylase (Perkin^Eimcr), 



gene (nucleotides 2141-2435 in the se- 
quence of Naka|lmo-II|inu» ci al.) (7i wa* 
amplified using pmjien APP find Ait? 

(Tabic 1), which are modified sightly 
from those of du Brcuil el al, (fl) Actln am- 
plification reactions contained 4 jam 
M Sf3*0 20 ng of human genomic J>NA, 
50 nM Al or A3 probe, and 300 nw each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was 50 g C 
<2 mln), WC (10 mln), 40 cycle* of 95*0 
(20 sec), 6Q*C (1 mln), and hold at 72° C. 
A $15-bp segment wast amplified from a 
plasmld that consists ol a segment of X 
UNA (nucleotide* 32,2?X«^747) in- 
serted in the Smal xitu of vector pUCl 1$. 
'lliesv reactions vuutulmttl 3.S him 
MgC 1 n g of plusmid DNA, 50 riM P2 or 
PS probe, 200 nw primer and 200 
tiM piiinej R119. The thermal regimen 
ww 5QX (2 min), (10 mln), 25 cy- 
cle* of 9$"C (20 sec), 57%: (j mln), and 
hold at 72»C, 



nunntscencr Detection 

Kor each amplification reaction, a 40-u.l 
aliquot of a sample was transferred to an 
Individual well of a white, 9fUw<tH micro* 
titer plate (Pexkin-lUmer). Fluorescence 
was measured on the i'crkln-fclmef Taq- 
Man US- SOU System, which consists of a 
luminescence spectrometer with plate 
reader aa4cmbly, a. 485-nm excitation flU 
ler, and a M5»nm emission filler. Excita. 
Hon was at 4&ft mn using a 5-nm slit 
width. Emission was measured at 518 

nm for 6-VAK4 (the reporter or U value) 
and &&2 nm for TAMliA (the quencher or 
Q value) using a lO-nm sill width. To 

determine the hiLic-asc in lcptJitei emis- 
sion that l.i caused try cleavage of the 
probe during PCR, three normalizations 
axe applied to the raw emission data. 
First, emission liucnsliy of a buffet blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the. reporter is 







.Sequence 


PU9 


primer 


ACCCACA<5GAACTC;A*rCACCACTC 


H119 


prlmvT 


AixsrcticcriTCCcxicrrcAcxriTciYiC 


pa 


probi* 


rCCK^'I^CiaAlCXinxjCU^CCACTp 


P2C 


_ complcmcnL 


ci ACrccrrucGAACXJATCAf rrAATGCGxi-c 


P5 


probe 


CGOA'rrrGCTGo-rAicrAix^vcAAccA'iv 


P5CJ 


complement 


nrATCCTTGTCATACA1'ACX::AOC^MrCCC 


AW 


primer 


TCACCCACACTGTGCCCATCTACQA 


ARr 


primer 


CACiUiOA A t ;t XiCJTC 'AT r(i(XV\ATC50 


Al 


prolK- 


ATO<XCKXXXX^lX5CCAlCCroOOTp 


Alf. 


corapJemeri! 


ACM:c(M(;tiA'it;c(^'i , c;c;c;c;(;A(:(;7;(u , i*AC 


A3 


piobc 


CGCCCrr6GACl , 'rCCAC.CAACA0AT|» 


A3f^ 


cunipleuirut 


CrATCrCTTflCTCOAAGTOCAfiGnCRAC 



For each ollKonuclcoritlc used In this .Mudy, the nucleic add rcquciKT h k1vcji # written in the 
*' » & direction. Theie * re three types of oligonudcotid«; PCR primer, fluorogenJc probe used 
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Prob* 

A1-2 - 
A1*7 
A1*14 
A1-19 

Ai-aa 

A1-26 



A1-2 

A1-7 

AM4 

A1-10 

A1-22 

A1-26 



618 nm 



IUW^C^CXXrC*T<,W^ 



€82 nm 
no Umt). « l»mp. 



AflO 



25 5 A 2.1 32.711.0 33 J K 3.0 38-0*2.0 0.07*0.01 0.60 i 0.06 0.10 d 0.0ft 

63.0 4 4.3 305.1*21,4 10a.S*6.d 110-3*5.3 040*0.0* 3.56*0 17 3X0 9 0.18 

127.0*4.0 403.5*10.1 1O0.71S.3 03.1 iS.3 1.(610.09 4,34iQ.15 3. 18 J 0.15 

187. &* 17.0 13W.7^ 7.7 70.3* 7,A 73,0 IP, 0 2.67*0.06 6, BO i 0,16 3.13d 0.16 

224.CJ0.4 4&G.L**43.6 1OO.0±4.0 08.210,0 C26a.0.03 5.0210,11 ©,7710,12 

I 60.fi J 0.3 4i>0 1 1 9.4 KJ.l * 0,4 W./ ± b.fc 1 ± U.USd b.UI ± O.Uti ± 0.U* 



FIGURE 2 Rtrmlis of 5' nuc!r««r nwy ti»nparin& p-a<Un prefect with TAMRA At different miete 
otlde portions. As described In Material* and Methods, K'Jt Kmpliftcaiion* containing the In- 
dicated probes Wtre performed, and the fluorescence omission was measured M 51 8 and 562 nm. 
deported value* arc the average*! s.Di for six reactions run without addod template (no temp.) 
anil six readlons run with template (-1 temp.). The RQ failo was calculated for each individual 
reaction and averaged to give the reporled~RQ* and MQ 1 values. 



divided ny the emission intensity of the 
quencher to give an RQ ratio for cadi 
reaction tube. Tills normalizes for wdl- 
to-wen variations in probe concentra- 
tion and fluorescence measurement. Vu 
* nally, ARQ is calculated by subtracting 
tnc RQ value of the no-rtmplate control 
(RQ") from the RQ value for die win* 
pictc reaction including template 
(RQ ' ). 

RESULTS 

A senes of probes with increasing dis- 
tances between the fluorescein rcponei 
and rhodamlnc quencher were tcstvd to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease rCH as- 
jay. Tnese probes nybndlzc to a target 



.sequence in the human p-acttn gen*. 
Mguic 2 shows the results of on cxperi* 
merit in which these probes were In- 
cluded in PCR thai amplified a segment 
of the p-iivlln gtinr. containing the laigct 
sequence- Peifuiuiauce hi the 5 J nu- 
clease I'CR assay Is monitored \jy the 
magnitude of AkQ, which b o measure 
of the Increase in reporter nuoroosnce 
caused by PGR amplification of the 
probe target, Probe Al-2ha& « ARtfc value 
that is close to veto, indicating that the 
probe was not cleaved appreciably dux* 
Ing the amplification murium, ThU aug- 
Kcals thai Y/lth ihc quencher dye on the 
seeund nucleotide from the end, there 
is insufficient tuuiii lux Tuy polymerase 
to cleave efficiently between the reporter 
and quencliei. The other five probes ex- 
hibited comparable AKQ values dial are 



clearly different from zero. Thus, idl five 
probes arr befog cleaved during t**;k am- 
pliflcatiuii louHing in a similar Increase 
Ill importer fluoiesceJtce. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Titus, even 
in reactions where amp) if nation occurs, 
the. majority of probe molecules remain 
uiidcavod. U is mainly Tor this reason 
that the fluorescence Intensity , of the 
quencher dyeTAMJU changci little with 
amplification nf the target. This Is what 
allows us to use the fluorescence, 
reading as a norm iliiMt Ion factor. 

The mngnihid#» of HQ* drppnric 
mainly on the quenching efficiency in- 
herent in the. sptxiric structure ol the 
probe and the purity of the oligonucle' 
otide. Thus, the larger 11Q~ values Indi- 
cate that proDes Al-li, /u -19, Al-22, and 
A 1-26 probably have reduced quenching 
as compared with A1-7. Still* the degree 
of quenching 1» sufficient to detect a 
htghly significant Increase in reporter 
fluorescence when each of these -probes 
m cleaved during PCR. 

Tn further investigate the ability of 
TAMRA on the 3' end to quench fi-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. Fot each pair, one probe has 
TAMPA attached to nn internal nude* 
ullUe and Ute uthei lias TAMRA attached 
to the y end nucleotide. The results ate 
shown in Tabic 2, hor all three sets, the 
probe with the 3' quencher exhibits u 
&RQ value thai Is considerably highd 
than foe the probe with the Internal 
quencher, The HQ* values suggest (hni 
differences In quenching arc not as smut- 
as those observed with some of the Al 
probes. These results demonstrate Ihot a 
quencher dyo on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TO 



TABLE 2 Kesuits of S' Nuclease Assay Comparing Prober wlUi TAMRA Attached to an internal or 3'-terminul Nucleotide 



MO® 



S18 nm 



5R2 nm 





Probe 


no temp. 


+ temp. 


IK) leui^i. 


4 temp. 


HQ 






A'.: 


. A3-6 


54.6 i 3,2 


84,* x 3.7 


116,2 & 6,4 


Uii. <j its 


0,47 a. 0.02 


0.73 s. 0.0H 


0.2b ± Q,U4 


A3-24 


7l.\ * Z9 


236.5 a. Il.t 


a4.2 * 4.0 


90.2 i 3.« 


0.86 u. 0.02 


2.62 i 0.05 


1.76 i 0.0S 




17-7 


S2.B 3. 4.4 


3B4.01 34.1 




120.4 * 10.Z 


0.79 A 0.02 


3.J9 * 0,16 


2.40 * 0,H. 


the 


l*M7 


113.4 2:6.6 


555.4 ± 14.1 


140.7 & 8.5 


118.7 2:4.8 


agi * o.oi 


4.6tt ± 0.10 


3.88 t 0.10 




P5-10 


77 J ± 6-S 


244.4 2 15.9 


86.7 JL 4.3 


9S.B -^6.7 


0.B9 s i)M 


2.55 ?. 0.06 


1.66 ± 0.08 


the 


P5-28 


64.0 i. 5.2 


333.6 ± 12.1 


1(X).6 ± 6.3 


94.7 Z 6.3 


0.A3 ± 0.02 


3.53 ^ 0.12 


289 10.13 



r*<»«A*4 mwinM and ra it -til Minns were nerformcd us described In Material * mi Methods And in the legend ru V\§. 2. 

E0RH Z0S6 091 8^6 YVd IS'^T 2002/S0/2T 



From : BML PI-ONE No. : 310 472 0905 Dec. 05 2002 12:17PM P06 




fluorescence r>f a reporter dye on the U 1 
end. The dugree of quenching is suf/i* 
cioal fur Dun type of oil go nucleotide to 
be used as a probe in the .V nuclease PCH 
assay. 

To test the hypothesis that quenrhing 
hy a V TAMRA depends on the flexibility 
of t)id oligonucleotide, fluorescence was 
mcaunod fur probes in the Single- 
stranded and double stranded state*, Tft* 
hi? 3 reports the fluorescence observed 
at S18 and 582 Jim. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. Vox probes With TAMRA 
*U)0 nucleotides from the S' end, then? 
Is little difference In the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The results 
for prohes with TAMRA At the 3' end are 
much different For these probes, hy- 
bridization to a complementary strand 
causes a dramatic Increase in HQ. Wo 
propose that this loss of quenching is 
caused hy the rigid Structure of double- 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3* 
end, there Is a marked Mg a ' effect on 
quenching Flgur* 3 shows a plot of ob- 
served RQ values for thu Al series of 
probes as a function of Mg 2H concentra- 
tion. With TAMRA attached near the S' 
end (proheAl-2 or Al-7), the RQ value at 
0 niM Mg in is only Slightly higher than 
RQ at 10 him Mjr ' . l J or probes AM9, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg* J are very hi«h, indicating a much 



reduced quenching efficiency. For each 
of these probes, then*, h h marked de- 
crease in KQ at 1 mM Mg* * followed by 
u gradual decline as the Mg* 1 evnecn- 
tnition increases to 10 mM. I'jube Al-14 
shows an intermediate RQ value at O mM 
M$ 9 * with a gradual decline at hlgJlcr 
Mg 7 - 4 coiKenliatluus. In a low-salt en- 
vironment with no Mg a present, a sin- 
gle-stranded oJigonudentkte would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg a * Ions acts to 
shield the negative chargv of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the- IV end is close to the 5' end, There- 
fore, the observed Mg 2 ' effects support 
the notion that quenching ol a 5* a 1 * 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 



DISCUSSION 

The striking finding of this study is that 
it seems Ok- riiodamlne dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-I : AM) placed at 
the $' end, This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA is dose to the 5' 
end. H should be noted that Uie decay of 
6-!'AM In the excited state requires a cer- 
tain Amount of time. Ilicrcfore, what 



TABIC 3 Comparison of Plum cACc<K<- Emi>»iuii3 of .Sirigl^TrandCd and 
Double-*ir*ndcd Fluorogenie Prober 



SI* nm 



58?, nm 



RQ 





49 


ds 


*» 


U 5 


W 


<ls 


AW 


27.75 




61.05 


MR.1A 


0.4S 


0.50 


A 1-26 


43.31 


509.3A 


63.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


K..S.57 


0.43 


0.38 


A1-24 


30.0$ 


578.(54 


67.77. 


140.25 


0.45 


3.21 


n % ? 


35.02 


70.13 


A4.63 


121.09 


0.64 


0.5S 


17-27 


30.A9 


320.47 




61.13 


0.61 


5,23 


IS- JO 


27M 


144.8f, 


01,$>5 


165.54 


0.14 


0.87 




33,65 


462.29 


7£.&> 


104.61 


0.46 


4.43 



(.«) Single-stranded, The fluorescence emissions at 538 or 682 nin for solutions containing a final 
concentration of SO m* indicated prone, 10 mM Tris-nei (pH 8,3), 50 m>i KCl. and 10 aim MgCl^ 
(ds) Double^tranded. Th« solutions contained, in addition, 100 iim AlC for prnhr* Al-7 and 
Al*20, l00imA3Cfor probes A3-6 andA3-24. 100 iim l*2(: forproljey r^-7 and 1*2-27, or 100 nM 
T5C for prober M-10 and Hcforc inc. addHfon of MgCIyj J W *U of each sample was Heated 



mattern for qucncliing is nut die avcr^ 
distance between o*l ; AM and TAMPt 
but, rather, how close TAMRA can get l 
6*)v\M during die lifetime of the 6-FA1 
excited state. As long *ts the decoy time f 
the excited state is relatively long con 
pared with the molecular motions of th 
oligonucleotide, quenching can occu 
Thus, we propose that TAMRA at the ; 
end, or any other position, can queue 
6-FAM at the y end because TAMRA Is 1 
proximity to ft'-KAM often enough to b 
able to accept energy transfer from a: 
CXCltCd 6-FAM. 

Details of the fluorescence measure 
mcnts remain pU2Zllng. For example, Ts 
blu 3 shows that hybridisation of probe 
Al-26, A3-24, and to their complc 
mentary strands nor only causes a larg 
increase in 6*FAM fluorescence at 5T 
nm but also causes a modest Increase ii 
TAMRA fluorcsce.net* at S82 nm. 1 
TAMRA Is being excited by energy trans 
fcr from quenched 6-rAM, then loss o 
quenching attributable to hybridlzatloi 
should cause a decrease in the fluorcs 
cence emission of TAMRA. The fact tha 
tht fluorescence emission of TAMRA In 
creases indicates that the. situation L 
more complex. Kor example, we have an 
ecdnial evidence thar the bases of Thi 
oligonucleotide, especially Ci, quencl 
the fluorescence of both 6-FAM an< 
TAMRA to some degree. When double 
stranded, base-pairing may reduce tht 
ability of the bases to quench. The pri 
inary factor causing the quenching oi 
6-*AM in an intact probe is the TAMR/ 1 
dye. Kvidence for the importance oj 
TAMRA is that 6 KAM fluiiu^cunc< 
rcin/i*n» relbdvely unci)ongcd when 
probes labeled only with 6-1-AM are usct 
in the £' nuclcusc i'CR assay (data nol 
shownj. Secondary effectors of fluorcv 
cence, both before and afiei cleavage oJ 
the probe, need to he. explored further. 

KeRardlc&s of the physical mocha* 
nlsm, the relative independence of posl« 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR assay. There are three main factors 
that determine, the performance of a 
double- labeled fluorescent probe In the 
y nuclease 1>CR assay. The first factor Is 
the degree of quenching observed In the 
intact probe. Tills la Characterized by the 
value of RQ' , which Is the ratio of re- 
porter to quencher fluorescent cmis 
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mM Mg 

f ICURE 3 Kftedl <*f Mg Ki eortcantratiori on RQ ratio for the Ai series of probes. The fluorescence 
emission Intensity at 518 and 582 run was measured for solution* containing SO om probe, 10 mM 
TrJs-HCJ (pH fc\3), 50 him KCI, *»nd varying amounts (0-10 nm) of MgCl 2 . *IT>e calculated kQ 
/at)o$ (518 nm intensity dMd«?tf hy ,SR2 nm intensity) are plotted v*. MgCl A concentration (mM, 
Mk^< k«y {uyjm right) alunva the |iiul»u& CAmuiiiird. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
olhei faCLur* dial reduce flexibility uf 
(he oligonucleotide, and purity of the 
probe. The second factor is i be efficiency 
uf hyhiidi^aliuii, which depends on 
probe T mt presence of secondary struc- 
turc in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 
which Tuq DNA polymerase cleaves the 1 
bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be* 
tween probe and template as shown by 
Uie observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe." } 

The rise in HQ" values for the Al se* 
tics of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. the lowest apparent quench- 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the ST end (Ai-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . is an internally placed 

«... *7*»» »R.* »«U**» iKvm va*+v f\f 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a larger RQ than the in* 
ternal TAMRA probe. For the P2 pail, 
lx>th pnte have about the same RQ" 
value. Pen the PS probes, the RQ for the 
3' probe. U less thon for the Internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affcefcj the RQ" value. Al- 
though all probes are HPI.C puiified, a 
small amount of contamination with 
unquenched reporter cum have a large ef- 
fect on HQ . 

Although there may be a modest ef- 
fect on decree of quenching, the posi- 
tion uf the quencher apparently uiu 
have a large effect on the efficiency of 
piobc cleavage, Tlic most drastic effect is 
observed with probe A 1-2, where place* 
mcnt of the TAMRA on the second nu- 
cleotide trduces the efficiency of cleav- 
age to almost zero* For the A3, 1*2, and PS 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming thai piobes 
with TAMRA at the 3' end are more likely 
to be cleaved between icpoilet and 
quencher than arc probes with TAMRA 
attached internally. Tor the A1 probes, 
the cleavage efficiency of pmbe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
niar«i rinw»r tn thn ,y end. This illus- 



trate*; the importanro of bring able to 
use probes with a quench or on tha '.V 
end in the 5' nuclease PGR ar;say. In thh 
assay, an increase Jn the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between tin- 
reporter and quencher dyes. By placing 
the* lupuriur tit id quLMicliLM dyes oil the 
opposite end* of an oligonucleotide 
probe, any cioavage that occurs wilt be 
detected. When the quencher Is uttuched 
to un Internal nucleotide, ttometJines the 
probe works well (A 1-7) and othur tlitiea 
not so well (A3 -6). Hie relatively poor 
performance of probe A3-6 presumably 
means the probe it being cleaved 3' to 
the quencher rather than between the 
rppnrtpr and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the V nuclease IX JK assay is to use 
a probe with the reporter and quencher 
dyes un uppusitu ends. 

Placing the quencher dye on the 3* 
end may also provide a slight benefit In 
terms of hybndl«Jtton efficiency. The 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the T n> 
of a probe. In fact, a 2 n iWA"i) rvdut-.lion 
In T m has been observed for two probes 
With manually ulLaelied TAMRAs.'^ Iliis 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
prober with 3' quenchers might exhibit 
slightly higher hybrid] ration efficiencies 
than piobes with internal queue) ten. 

The combination of increased cleav. 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
will i jjilemally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect POK-amplificd products 
from Nonuple* uf diffcienl species. Also, It 
means that cleavage of probe during PCH 
Is less sensitive* to altcrau'onh in an» 
nealing temperature or other reaetion 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. \jiq 
ct al. 0> demonstrated that aliele-speclflc 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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mM Mg 

figure 3 Effect of Mg 6 1 concentration on RQ ratio for the A3 scries of probes. The fuusrtMctfiita 
emUslun intensity al M 8 and 582 nm was measured for solutions containing 50 iim probe, ) 0 mM 
Tn>lia (pH 8.3), 50 him KfJ, and varying amounts (0 10 mM) of MsCI*- The calculated RQ 
ratios (MH nm intensity divided t>y 5KZ run intensity) arc ploued vs. MrC1 2 concenrratinii (i«m 
Mr). The key (upper rl$ht) ihOWS the pTobo examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence, 
context effects, presence ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second tactor is ItlC efficiency 
of hybridization, which depends on 
probe 7' m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dye* drastically reduce the cleavage of 
prohe. (l> 

The rise in RQ values for the Al set- 
lies of probes seems to indicate that the 
degree of quenching is reduced some, 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe AM 9 (sec Fig, 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the S end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internolJy placed 
quencher. For the other three sets of 



probes, the interpretation of RQ" values 
is less clear-cut. The A3 probes show the 
same rrend as Al, with the 3' TAMRA 
probe having a larger RQ" fhun the; in- 
icrnal TAMRA probe. For the 92 pair, 
both probes have about the same RQ 
value. Tor the 1*5 probes, the RQ' for the 
3' probe is less than fvi the mlculftlly 
labeled probe, Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef* 
feci on RQ . 

Although there may be ft modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place* 
ment of the TAMRA on the second nu» 
clcotlde reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, And P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally* For the Al probes, 
the cleavage efficiency of probe AU7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 
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irate* the importance of being ahlc to 
use probes with a quencher on the 3' 
end In the V nuclease i'CU assay. In this 
assay, an increase in the intensity of re 
porter fluorescence Is observed only 
when the probe Is cleaved between the 
reporter and quencher dyes. Ry pli icing 
th<? reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
jrrubu, any i-leai/;i^ thai occur? will Uv. 
detected. When rhe quonchor u attached 
to ju liHc-iual nucleotide, frvmcthiK't die 
prohc work* welt and other times 

not so well <A3-$). The relatively poor 
performance of probe A3-6 presumably 
means the probe is belztK cleaved 3* to 
the. quencher rather than between the 
reporter and quencher. Therefore,, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct In the 5' nuclease VCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms oi hybridization efficiency, 'ihe 
presence of a quencher attached to an 
internal nucleotide might be expeclcd to 
disrupt base-pairing and reduce the 7, n 
of a probe. In fact a 2°C-3*C reduction 
in T m hhs been Observed for two probes 
with internally attached TAMRAs,<*> This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3* quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav. 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-ampIihed products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al.^ demonstrated that allcle-speclfic 
probes were cleaved between reporter 
and quencher only whfcn hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF5Q8 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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Him $' end »n<t were designed so thai any 
mismatches were between the reporter 
and quencher. Increasing the distance 
betwocm reporter and cpir.nchAr would 
lessen (he disruptive effect uf mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loas of quonchlng upon 
hybridisation wo* used to show that 
quenching by a 3* TAMJU Im dependent 
un the flexibility of a single-stranded oli- 
gonucleotide. The Increase In reporter 
(iuorescencc intensity, though, could 
tiia he uied to determine whether hy- 
bridization has occurred or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite: end* 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
i ration assay I for diagnostics, or other ap- 
plications. Bagwell Ct al, uo) describe just 
this type of homogeneous assay where 
hybridization of a probe causr* an in- 
crease In fluorescence caused by o low of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotide* to both ends of the 
probe sequvnee to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu* 
clcotlde and a quencher dye lo the oUiui 
<*nd generates a fluorogenlc probe that 
can detect hybridization or I'CH amplifi- 
cation. 
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We have developed a novel "real time" quantitative PCR method. The method measures PC* product 
accumulation through a duaHaheled uiioiogenlc probe (Lc., TaqMan Prob*). This meihod provides ^v«ry 
accurate and reproducible quantitation of Rene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting In much fester and higher throughput assays. The real-time PCR method has a very Urge dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-lime quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rote in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan et al. 
1994; Huang el al. I99$a,b; Prud'homme et at. 
1995). Quantitative gen* analysis (ON A) has 
ixx-ii used to determine the genuine quant-Hy o! 3 
particular gene, as in the cascot the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon et a!. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency vims 
(UJV) bwden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. J9v;sh; 
Purtado el al. 1995). 

Many methods have been described for the. 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern VJfb; Sharp et 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one ceil equivalent). This has made pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that U be uaed properly for qunntiuulon (K»«y* 
maekm 1995). Many early reports of quantita- 
tive: PCR and RT-PCR described quantitation of 
Lhe PCR product but did not measure the Initial 
target sequence quantity. It is essentia) to design 
pn>i>cr controls for the quantitation of the initial 
target sequences (Fcrrc 1992; Clcmentl ct al. 
1993) 

Re!*MChex5 have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures i>CR product quantity in the log phase 
of lhe reunion before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This meihod requires 
that each sample has equal input amounts of 
nucleic add and tbat each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tallied in all samples at relatively constant quan- 
tities, such as p-aclln) can be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gd electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for boih the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ-KCR, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relies on the inclusion of an internal control 
compel I lor in each reaction (Becker-Andre 1991; 
Hatak et al, 1993«,1>). The ertieieney of each re- 
action is normalised lo the internal compel itor, 
a irnnwn amount of interna J competitor can be 
annr\r 7nc« no; wj «c:frT 7nn7/cn/7T 
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added tn oach sample. To obtain relative nn^ini* 
ration, the unknown target PGR product is cum- 
pared with the known competitor l^K product. 
Success of a quantitative competitive VCli assay 
relics on acvcloping an internal control thai am- 
jiiifir* with the same efficiency as the luigut jooI- 
cculc. The design of the corupctJtui and the va- 
cation of amplification efficiencies jequirc a 
dedicated effort . However, becnusc QCMKIR does 
not require that PC-tt jmihIucLs be analysed during 
the lot; phase of the. amplification, it Is th« easier 
of the two methods to use. 

Several detection system* uiv usvd for quan 
Utative PCR and RT-UCU analysis; (1) agarose 
gels, (2) iluortseeii ( labeling of PC )\\ products and 
detection wilh InatTr-iiKluccd fluorcsevnee using 
capillary el ccrroph areata (Pasco et al. 1995; Wil- 
liams er al. 1996) or acrylaudde gels, and (3) jilaie 
capture! and .sandwich pxubv hybrid I /.at ion (Mul- 
der est al. 1994). Although these methods proved 
successful, each method requires post-l'CR ma- 
nipularlons Thar add Tin it! to the analysis ami 
<n«y lead to hibu'utoty i wiihtniination. The 
sample throughput uf these jnrlhod* \> limited 
(wilh the rxccpllon of the plate capture ap- 
proach), and, therefore, these methods, ore not 
we]] suited fin demanding high sample 

throughput (I.e., screening of large numbers of 

hltJtnwJtr^ulcN wi ai i«ity z.ht^ samplva fwj did&nua- 
tic* or clinical trials). 

Here wc report the development of a novel 
i May for quantitative DNA analysis. The assay is 
based on 1h«t uic of the ,5' nuc*h*a.n- a.s*ay first 
described by Holland et al. (1991), The method 
uses the. 5' nuclease activity of "/Vi// polymerase to 
dcavc a noncxtcndlbtc hybrid I /At ion prol>c dur- 
ing the extension phase of I'CU. Th« approach 
lists dual-Iiibclcd fluorogenic hybridi/.at Jon 
probes (Lcc ct al. 1993} Jlasslcr cl a). 1993; l.ivoh 
rt al, 199£a,b). One fluoresevnt dye serves as a 
reporter |FAM (i.e., 6-c<irboxyf)uorwcin)| find its 
emission spectra is quenched by tlie second fluo- 
rescent dye, TAMRA (I.e., o-carboxy-ietramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
bridiwitton probe releases the quenching of the 
I 'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at 51 tt nm. 
The use Of a sequence detector (AU1 1'risin) allows 
measurement of fluorescein spectra of all wells 
of me i normal cycler continuously during the 
]*CK amplification. Therefore, the reueliuii* ajc 
monitored in real Lime, The output data is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



REAL 1IML 0UANHU1IVI u(;k 

RESULTS 

PGR Product Derealon in R«al Time 

The gon) vv;is to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use in monitoring lipid mediated tharapeuTic 
gene delivery. A plasinid unending human factor 
Vlli gene sequence, pF8TM (see Methods). was 
used as a model therapeutic k«"<- 'Hie assay o* r<i 
fluorescent Taqwan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism. 7700 .Sequence Dctcrinr). *lhi; 
Taqman reaction requires a hybridization prnhr 
Ial>clcd wit 1 1 two different fluorescent dyes. One 
Uyc is a report w dy« (I'AM), the other « quench- 
ing dye (TAMRA). When (he proln: i.s intact, fluo- 
teaccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed hy the 
quenching dye (TAMRA) . During the extension 
pha.se of ihe PCK cycle, ihe fluorescent hybrid- 
Ifeillori prolK: Is cleaved by tlie S'-.T nudcolytic 
octivity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suiting hi an increase of the reporter tlyo HuorCfc- 
cent eiiiMJiloJi ftj>eCtro, VCR primers and prubun 
were d'eM^tttul foi l lie human factor V J 1 J se- 
quence and human p-aetln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concentrations yielding Ihe highest 
Intttiisily of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
char>;i:«couplcd device (i.e.* CCD ciuneni) for 
measuring the fluorescent emission spectm fron) 
, r j(H) tf> f»50 nit i. ICach TCUt tube was monitored 
sequentially for 2& rnsue with continuous moni- 
toring throughout tilt: amplification. E&ch lube 
wa.i rc-exa mined every see. Computer x>ft- 
ware, was designed to examine the fluorescent In- 
tensity of both the reporter dy<* (KAM).and 
the quenching dye CrAMILA). The I Increscent 
intensity of tJie quenching dy«, TAMHA, changes 
very Utile over the course of the PCR amplifl* 
cation (data iiot shown), Therflfore., the Intensity 
of TA MllA dye emission serves as an internal 
standard with which to norruullyju the reporter 
dyv (l : AM) emission varintJons. 11>e software cal- 
culates ii value termed ARn (or ARQ) using the 
following equation: ARn - (lln J ) (Hn"), where 
Hn 4 - cfnlrfHtoii intensity \>t reporter/emission in- 
tensity of quencher at any given time in a reac 
rlon tube, and Ttii -emission intensitity of re- 
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poner/cmission intently "f quencher measured 
prior lo I'CK iiniplilicalion in that same reaction 
tube. For the purpose of quantitation, the last 
three data points (AKns) collected iluring The. 
tension step for each PCH cycle were analyzed. 
The mideolytic degradation of the hyumbx-ition 
probe occurs during ihe extension phase or rtat, 
and, therefore, reporter fluorescent cimujon in- 
creases Ouring this time, Pie. tluw data points 
were averaged for cacli cycle and the mean 
value for each was plotted in an "amplification 
plot" shown In J'ltfure 1 A. The AKn mean value is 
plotted on the }*axJs, and time, represented by 
cycle number, is plotted on thv*-axis. During the 
early cycle* of the VCR amplification, the ARn 



value remains at. base lino When sufficient hy- 
bridist Ion probe has been cleaved by the Tut} 
jx>iymcrastc nuflMite activity, the intensity of ro- 
purU-r fhmrtviccm emission iiif.*reaM*. Most \K'l\\ 
umpllfk^lions read) i» plateau phaHe of reporter 
fJuorcHXtnl emission if the rcauliun Is carried nut 
lo high cycle uui»Ih:in. The amplification plot 1st 
examined euily in Ui* reaction, at a point thai 
icjjicsonts ihe log phase of product arnnnula* 
turn. This Js done by assigning an aibiUiuy 
threshold thai i.s based on the variability of the 
base-line dyu. In Figure 1 A, tli'c Ihfftshold whs set 
at it) standard devialionK above the mean of 
base Unci emission calculated from tyi;Ii» 1 lo 1 5. 
Once the threshold Is chosen, the point at which 
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fX^e ext^ data collected during the PCR ampllflcaLion. The standard de- 

viation is determined Irom the data points collected from the base line of the amplification ploL c, values are 

A^~*~*\~\.s~ tKA rv^r,l m uuhirh i-Kft flnnrft«ri»nro ovrrwK a threshold llmK (USUallV 10 times the 
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PCR product detection in real time (A) The Model 7700 ^utlware will construct amplification plot* 



calculated by determining the point at which the fluorescence exceeds a threshold limit 
Standard deviation of the base line). (S) Overlay of am| " * "* ~ 
DNA samples amplified with pectin primers. (Q Input ! 



Standard deviation of the base line). (S) Overlay of amplification plots of serially (1:2) diluted human genomic 

(O Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crossed the ihrcshold'tvcle 
fined as C r . C r is reported us the cycle numbvr a\ 
this point. As will be demon struts J, thi* C ( .value 
1st pt edict! ve of the quantity of input targe.t. 

Cj Values Provide a Quantitative Measurement' of 
lnpur Targer Sequences 

Figure 1R /shows amplification plots of 3 indiffer- 
ent PGR amplifications overlaid. The amplifica- 
tions wore performed on a 1:2 serial dilution erf 
human genomic J)NA. ilic amplified target w:w. 
human p actim The amplification pi oh Mhifl to 
the right (to higher threshold cycles) n* the input 
target quantity is reduced. 'J ois is oxpocte-d ho. 
eaujcu nmetlortK with f«wi»r starting eopim of t)10 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of 10'stan* 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
Pt:n amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity. Thus, C r yaIuisi can be used 
as a quantitative measurement of iiio input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6«ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieve* e.ndpolnt pla- 
teau at a lower fluorescent value than would he 
expected based on the input PNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to lata cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened .slope and early plateau do not 
impact significantly the calculate value us 
demonstrated by the fh on the- Jim* shown in 
Figure 1 C. All triplicate amplifications nrsulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 100,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescein emission intensity for 
quantitation. The linear range. oi lluoresccnt in- 
tensity measurement of the AIM Prism 7700 Se- 
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minits over n very large r;*n$»i» nf rf*Uiivr> *iartlnft 
tanj(»t quantities. 

Sample (Reparation Validation 

Several parameters influence the ofUelenry nf 
PC;r amplification: magnesium and salt conceit 
tration<, reaction conditions (i.e., time and Kim- 
pe.ru ture), PCH target size and composition, 
primer sequences, and sample purity. All of The 
.above (actors are common to a single Villi assay, 
except sample to sample purity. In an effort to 
validate the method of sample preparation fox 
thciactor Vill assay, FGK amplification reproduc- 
ibility and oJflciency oi 30 replicate sample 
pivj mirations were examined. After genomic DMA. 
was prepared from the 10 replicate samples, the 
DNA wasquantUatcd hy ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
Ki:m: content in 100 and 25 ng of total genomic 
PNA. fcach J'CK amplification was performed in 
triplicate. Comparison of C r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation Into th« 
quantitative J»CR analysis. Comparison of the 
mean (1, values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-aclin gene quantity. The highest C. T 
difference between any of the samples was 0.55 
and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluorc*' 
ccjit emission intensity change per amount of 
DNA target analyzed as indicaied hy similar 
slopes derived from the sample dfluiions (Pig. 2). 
Any sample containing an excess of a VCX inhibi- 
tor would exhibit a greater measured (3-actin O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with tint 
sample in the dilution analysis (l i^, Z) t altering 
the expected C, value change, Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard lo 
sample purity. 

Quantitative Analysis of a Plasmid After 

7ncfl new «T>« wj «c:hT 7nn7/cn/7T 
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Tx»bl« 1 , Reproducibility of Sample Preparation Method 
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tor containing a partial cDNA for human fad or 
vni, pi-'gXM. A scries of transections was sot 
up using a decreasing amount of the plasmid*(40, 
4, 0.5, and 0.1 |xg). Twenty-four hours post- 
tra listed inn, total 1WA wa$ purified from each 
flask uf crib. p-Aclin gene quantity wa* diux*n a* 
a value Tor norma liz^t it m of kviujimU'. DNA con- 
ccnrraUuii frum each «uupk\ hi this experiment, 
|i-actxn gene content should remain constant 
relative to roral genomic DNA. Figure 3 shows tJjc 
result of the p-actlu DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) 01 each sajuplt. Kach sample was analyzed 
in triplicate and the mean |i-actin t^ values of 
the triplicates were, plotted (error bars represent 
A.^n f-*-j»iiinrn riwfiaimni 'I h#» htPttPST iiifrrrrncr 



betw^wi any iwo samplo moan is was 0.1)5 C n Ten 
nanograms of total DNA uf each sample were also 
examined for OacUn. Ihc results «guir> .showed 
that very similar amounts of genomic DNA wore 
present; the maximum moan JJ act in C: x value 
difference wa.s 1.0. A3 Figure 3 shows, the rale of 
P-actin CJ r change lx.-i.wecn the 100 and 10-ng 
sample.* was similar (slope values range* hwtwoon 
3,56 and - -3.45). This verifies again that ih'c? 
method of .sample preparation yields samplo* of 
identical PCR integrity 0.0-, ^o sample contained 
an excessive amount of a PCR inhibitor). ITow* 
ever, those results indicate t hat each sample con 
talned slight differences in the actual amount of 
genomic 1>NA analy/cd. Determination of actual 
uuuuuiic v>NA concentration was accomplished 
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KJ At TIMI- QUANTITATIVE PCK 
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Figure 2 Soi i iple preparation purity. 1 he replicate 
samples shown In Table 7 wore also amplified In 
tripicate using 25 ng of each DNA sample. The fig* 
uie showa die input DNA concentration (100 and 
ng) vs. C, In ihf fiijiir*, iru» 100 and 75 ng 
points for «ach sample are connected by a line. 



by plotting the mean (i-uctio O, value obtained 
for each 100- Iig sample wu a p-aclin standard 
i.-uive (shown In Pig, 40). The actual genomic 
ONA concentre of each sirmpi«, u, was ob 
tallied by extrapolation to the x-uxii. 

Figure 4 A shows liic measured (i.tf., non* 
normalised) qu untitle* uf /actor VI)] plnmnul 
ONA (pJWM) from each of the four transient cell 
inn infections. Each reaction contained 100 ng of 
total 5«imj>lc UNA (as determined by UV speetros* 
coj^y). lUich sample was analyzed in triplicate 
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Figure 3 Analyst* of tidiisfectcd cdl DNA quantity 
and purity- I he DNA preparations of the four 293 
ceil transfections (40, 4, 0.5, and 0,1 jag of pF8TM) 
were analy7ftd for the (3-actln gene. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transferred, the fcJ-aciln 
C T values are plotted versus the total Input DNA 



h 7 n 



PC.fc amplifications. As shown, pI ; 8TM purified 
*fioic Jbc 293 cells decreases (mean C, values in- 
ew.fc-u'tj with decreasing amounts (if plaxmld 
,tnutslrUcCL Th« mean C t values obtained for 
pWTM inTigufe 4A were plotted ou a standard 
curve comprised uf seilully diluted pKKTM, 
shown .in figure 4R. The quunlily uJ pt'KTM, to, 
found in each of the four tranfifoctloiiK was de- 
termined by extrapolation to the x axte of the 
standard curve In lUgurc 4B. These uncorrected 
values, b, for pWJTM were normall^d to deter- 
mine the actual amount of pI J 81M found p«r 100 
"g of genomic DNA by using Ihc; equation:. 

I> x 10 0 ng ^ jsciual pI-friTvi copies per 
f/ r t()0 ng of genomic DNA 

where a actual genomic DNA iYi u sample and 
U pl : B'l*M copies from the standard curve, *D>c 
normalised quantity of pl'8TM per 100 ng of ge- 
nomic ONA for each of the four trans feci lon.s \x 
snown Hi Figure 4JJ. 'Hi««t: mulLs a how Uicu the 
quantity of factor VIII plasiutd cissovJuted wiili 
the 29.1 eeDH, 24 lir ttftcr irunsfv^rnjn, di:ui:.isu.'. 
with decreasing pJu^uiu) uiiJi.uiHiatioo u.scd In 
the tra infection. 'Hie quantity of pl'tt'J'M nwocJ- 
ateu with 293 cells, after trunsfealon with 40 u,g 
of pisjsmid, was 35 pg per 100 ng genomic ONA. 
Tills results in -520 plasmid copies per cell. 



DISCUSSION 

Wo have described a new method for quantis- 
ing gene copy numbers using roai'tlmc analysis 
of PCK amplifications. Real-time FCK is compat- 
ible with cither of the two PCK (KT-PCR) ap- 
proaches (1) quantitative competitive where An 
UitciJiul compclltor for each target .sequence i» 
used for normaHxatJon (data not shown) or (2) 
quantitative comparative PCK using tt iiijnn«lt&i- 
tio?i gene contained within the sample (i.e., p-nc- 
tin) ox a "housekeeping" gene for UT-PCK, Ff 
equal amounts of nucleic acid are analyzed for 
each sainplc and if the amplification cf/itiency 
before quantltntivt* aiiaiysb i> identical for each 
sample, the internal euutrcii (muj malign ion gene 
or comperircjr) should give equal Mgn&l* for al) 
samples. 

The real-time PCM method (jffers several ad- 
vantages over the other two methods currently 
employed (sec ihc Introduction). I : irst, the reaK 
time PCR method is perfonncd in a doscd-tubc 
system and requires no post-PCR manipulation 

•9 t\f*o rtrtr o*a *u-tr,T r»n*r»T Tnn^/r»rt/TT 
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Figure 4 Quantitative flnolyxi* of pFSTM in transected cc!b. (A) Arnounl of 
plasmid DNA used for the trunsfaoioii pfottod against the mhwm C, value deter- 
miofld for pfSTM rcmainino p/\ hr alter transection, (D,Q Standard curves of 
pPftlM and fi-acdn, respectively, pr 8TM DNA (fl) find genomic. DNA (Q were 
dilutftd finally 1 ;S before amplification with the appropriate primer*. The f*-actin 
standard curve wa* used lo normalise the results of A to 1 00 ncj of genomic DNA. 
(0) The amount of pfSTM present per 1 00 ng erf genomic DNA. 



of umplc. Therefore, I ho potential for PCU con* 
In ml not Kin in the laboratory is reduced because 
amplified product r cun h«> aualyy.ed and disponed 
of without opening thy ruaction tubes. Second, 
(hi* method suppoils the use of a iiorur«i1iy.<itk>n 
gone (Lc, P-flctin) for quantitative PCR or house- 
keeping genes for quantitative RT-l'CR controls, 
Analysis Js performed in real time during the Jog 
phase of product accumulation. Analysis during 
kiK phase permit* many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching miction 
plateau at different cycle*. Tins will make mull!- 
gen* analysis assays much caMci tvi develop, bc- 
cnuac individual internal uimpctlluti will not be 
needed for ench gene under analysis. Third, 
sample throughput will iuueas-c dramatically 
with the new method because then* is no |w>M« 
l*CR processing time. Additionally, winking In a 
96- well format to highly compatible wtth auto- 
mation technology. 

The real-time PCR method is* highly repro- 
ducible. Replicate, amplifications can be analysed 



for <»ach sample nUnimlidng j>otenUttl error. The. 
sysntm allow* i'ot a very large assay dynamic 
runge (approaching 1,000,000-fold starting tai- 
gcl). Ualng a statidard curve for the target at in- 
terest, relative copy number values can be deter- 
mined (or any unkjiuwii rumple. Hu ores cent 
threshold values, O rj coueJair. linearly with rela- 
tive DNA copy numbers. Real time quanlltallvts 
KT-I'CK methodology (G'Jbson et al., Uiis Ijuija) 
has also been developed, finally, real time quan- 
titative rcw methodology can be used to develop 
high-throughput screening aa.iays for a variety of 
applications [quantitative gene c^piesaiuit (KT- 
rCft), ftcne copy assays (Mcr2, IJ1V, ClC.)i Jjcno- 
typing (knockout mouse analysis), and Jmmuno- 
POIJ. 

Real-time FCM may al.w he jw-forrncd using 
intercalating dye.« (Hlguchi ct ul- such us 

cfJvldium bromide. The fluorogenic probe 
method offers a mafor advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and nonspecific PCR products are. not de- 
tmed)* 
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METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA for Human Factor YI1I 

Total RNA wo» harvcMcd (HNA*nt » (torn Mel Tc$t, inc., 
)7)v*"Cfcw°od, T>i) frwtu cvll> lutnafccied with a factor VIM 
expression vtjclor, pC:JS2.tk*ft£U (Koiou vi id. 1VB6; Gnr. 
man ci a(. 1900). A fa c lor VIII partial chNA wpienev WtlS 
nciwraicd by in* PC!U IcJotioAmp l<Z iTllt ItNA l»r.U Xll 
(pan l'fc Applied Uiosyucim, Poster CAty, tIA)J 

using the l't:u pt-iuiurs ]?Hfor wul l-Hrov (iwinw-r sequence* 
are shown below). Trie amp] Icon was feamp lifted iiAinR 
modified l-Ufor and i*rcv primers (»ppcmU-d with rtawlll 
and ffmdUl restriction 5Hc sequences »t the V W'tl| and 

Cloned I Mi" jXi)'.M- 3Z (Promina Corp., MuttwOU, Wl). The 
resulting clone, pPSTM, was used lor transient transfectlon 
of 293 CCJK 



Amplification of Target DNA ami Duietiteii of 
Amplicon Factor VIII Plasmtd DNA 

(p>"ffi"M) was amplified wi\u the p»inu.-i» i-*afor S'-cxx:- 
CfTCICC^ACiAUntJACXilCiTC-A' and P*rev .v-AAA<;c:r- 
t^CCCrrOGA'rCitj'rAOCi.3'.11i« mttciUui pioduved w 422- 
np k:k product. The fnrwurd prune: wua denned tu kv 
ngnbx' a uxilquv ru'ipiviur fmuid In the .V untranslated 
region of the paiem uC152.tk25)> pldMiml tiutl therefore 
does nut K'v.uH fjly ' u amplify ihc human factor VIII 
gene. Primer* wore chosen with the avyivtimrr' of iKc oom. 
pufcr program Oil*;* 1 4»U (National ItiuACicnces, Ine.» Ply- 
mouth, MN). The human (l-actlm gimc was Amplified vellh 
llic primer* {Hit-tin forward primer £ ' • TC ACCCA < IA ( TH !T 
GCCCATCrrAC:C;A-.V and P-actiu reverse piimor .V-CAC 
C0GAACCX;frr<:An<;<:c^AjCG-3'. The reaction pro- 
duced a 2V5*hp i'C:u prrxluct. 

Amplification reactions (SO pj) cojnaiiu'd a UNA 
sample, )0x IKIR Kuffur II f> 200 n-M dAH\ dCTl\ 
dGTP, and 400 |tu rfWTP, 4 inw MgCl 7f 1.Z.S Units Ampll 
7*m; t>NA poiymcuwc, 0,5 unit Ampwrnse uracil rt-fiiy- 

tunytum,' <UNG), 50 pi noJv t*f each frtCtCi VIII |v]irwi/ und 15 
p»iit*li* trf iwcli |t Act In pi linear. 71io icactlwiwt nl«» t^mUlncd 
OOC Of the following detect Inn pmluw (WMJ nw nirh)* 

]'Hjir«»bc A'(VAM)Ac:crrcn , {:cut:<rreir;m , (:'n v i , <:rc , r. 

OCCTT(TAMRA)p 3' «ud p-nctin probe 5 r (FAM)ATO(M:(.:- 
XCTAMUA)CCCCr^TCCCATCp-.T whrrr p indicates 
phnftphnrylAljnn nnd X indlcote^ a linker arm nucleotide. 
Rcnctloii IuIk-9 wrrv Mic:n>Arnp Optical TuIks (part i\um- 
Ut NkOI 00.1.1, PcricJn Ulmex) tiiat wore frostwl (id IVrkdt 
Timer) tu pi\-vi-nt U^fit from reflecting Tube caps were 
slmiKu* to Micrt>Aiiip c;np» but specially dciiftiicd lo pre- 
Yvnt 11^1 it sciitU*r»iig..AII <»l Ot<* PCU vUfn/iumui>U'» wcru sup- 
,/lic.d 1>y PK Applied Uio«y»tem9 CMy, CK) except 

I he factor V1U prliuera, wlilch wne Aynlhcalxrd ill Ccnen 
lech, Inc. (South Stm Prmjclsco, CA). Probes wm- desi^m-d 
iiAing the Oliyi? 4.0 software, follcwJitR gntdelfiivs nu^- 
^cskm in tnc Model 7700 .Sequence Pcurior IilviiiiiikmiI 
manual. Hrlcfly, prube T m iJinidd lie ni least 5 W C hlfthrr 
man rlif Hniu'utliJH irtupvMlurc u.ied durliifi Ihrrmal ey- 
rhngi primers shn\tld nut fwim m«iIjIv duplexed wfib the 
prone. 

The ihcriufll i-ycMng cuitditloivs Inrludvd 2 jnln dt 
5tT<"; and 10 niin at 95"C. Hiej-inal 4,-ycling prr>rerc3ed with 



reaction* were performed in ih<» Modol 7700 Sequence IV 
|«i(»r ApplU'd UlusyyUmiw), wldeh cunuhix » Cciw- 
Amp Systcrm lUracUon condition* were pro* 

^ruiliiltcd ui» .i K»wwr MacinttMb 71 00 (Apple O.impnirr, 
Santa Clara, t^\) linked dirwdy to the Model 7700 
quenw IXilffCtor. AnnlyvU «f data w**t alw,i |wKr«rmr>H nrt 
thv Muk-lntrmh computer. C^llcetton and MiialyKlc ctifiwuro 
wtm develri|wl hi PK Applied Hlcxyntuius, 



Traiwf«ction of Cells with Factor VIII Coiutrucl 

Pnur T17.S flasks of 293 cells (ATOC CW. }$?\i) f n human 
fetal Uldney su6penftion cell Urn?, vwrv hhiwu to 80% con- 
llwoney and transfceted ptWM. Cells were rkiwii In tht» 
h)llnwlti$ mcdlm S0% HAM'S HI 2 without GHT, .M)% louo 
itlucostf J)villK'<x , n'» tmidlf|rd Kaxle medium (UMIvM) with» 
out Rlycinu will! sodium bicarrxwiate, 10% ietal txivine 
senmi, 2 him L-gluUiiiii>r, dnri 1% penicilliii-alrcpiomyo 
win. 'I'hc media vyw clivivgcd 30 rnln Mo«* *he ironsfee 
Lion. pPUTM amounta of 40, 4, OS, and 0.1 w< were 
i»d«tr:d u> ml of a solution containlnfi 0.125 m Ci»a^* 
and 1 X IH'4'US. The four mixhuvst were left at room tern, 
ixmiun' (<n to mln and then added dntpwtxi- u> d»o cells. 
'Uiv n»»k* on.'it-b'n.uUktcd at 37°C*and £.% < :O s f«r 24 hr, 
*vualied with rhs, imcJ Ku u »pcndcd In PliS. The rentm 
jn-mKrd cclh vrcre divided into »lii|u<dn und DNA waa cv- 
trnctcd luiiucdlutely u«jir Ihv QIAaiup RUhh! Kit (Qia^en. 
Ojot*m»rtli, <.VA>r DNA was clulcd Into 200 p.1 ul SO mw< 
1VU-I1CJ ut pll H.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3|3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal- related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 
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cDNA was synthesized from 2 pLg of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 u.g 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 u-M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeIed sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh). for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<^ct) w here ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP- specific signal was 
normalized to that of the gIyceraidehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-EImer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-I was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycl ine- 
xpressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M r 40 K). Both have 
hydrophobic. N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of **27,000 (M T 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1 , but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 p.g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp WISP-2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridizedwith 
human j3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (fl). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNAof 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 14). 

WJSPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP- 1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
O. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B) % 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP- 1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and f), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these ceils 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 
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the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer ceil 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 /ig) 
digested with EcoRl {WISP-I) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fio. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig, 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through )3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the, absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin Oyft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
■ tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory ceils at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- J gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP4 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I t the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T- cell -proliferation assays were 
done essentially as described 20,11 . Briefly, after antigen pulsing (30u,gmr' 
TTCF) with tetrapeptides (l-2mgmr') ( PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 tig TTCF with 0.25 u.g 
pig kidney legumain in 500 p.1 50 mM citrate buffer, pH 5.5, for I h at 37 °C 
Glycopeptide digestions. The peptides HIDNEEDI. HIDN(N-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmT 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOrngmP 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine- rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc- tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
. . , . . , * 1, c c i. it, j- a a ■ CC „.*. At r family ligands, which are expressed as type 2 transmembrane 
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cells transfected with FasL (Fig. 2a), but not to cells transfected with 
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RANKL 10 " 12 (data not shown). DcR3-Fc immuno precipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K 6 — 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u-gml~ l . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleiikin -2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1,14 ""'. Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at ~lu-gmP l ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine*rich domains (CRD 1 -4), and the /V-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 ceils were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to ceils transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRi, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) ia in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 1 5 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and I out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3- linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ". . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. 5ng ml"') oiigomerized 
with anti-Flag antibody (0.1 u.gmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 ^gmr ] DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc (lOngm!"'). 
After 16 h, apoptosis of CD4* cells was determined (mean i s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 51 Cr (mean ± s.d. for two donors, each in triplicate)/ 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g. h, j, k. r), seven squamous-cell carcinomas (a, e. 
m, n. o, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means £ s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization . 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T150, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 



NATURE|VOL3%| 17 DECEMBER 1998 1 www.naturc.com 



Nature ® Macmillan Publish trt Ltd 1998 



701 



letters to nature 



FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 31 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described 23 . 

Fluorescence-activated cell sorting (FACS) analysis. We trans fee ted 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g), together with pRK5 encoding CrmA 
(2 fig) to prevent cell death. After I6h, the cells were incubated with 
biotinylated DcR3-pc or TNFRl-Fc and then with phycoerythrin- conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were trans fee ted as above, and 
metabolically labelled with ( 35 S]cysteine and [ 35 S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 p.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified. Flag-tagged soluble FasL (1 p.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25jxg) was 
incubated with buffer or with DcR3-Fc (40 jig) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-ceil AICO. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u-gmT 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 UmP 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4* cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with s, Cr-Ioaded Jurkat cells at an effector- 
to- target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of **Cr in effector- target co- 
cultures relative to release of Sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene- specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcRJ gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM - ACACG ATGCGTG CTCC AAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2* 40 *', where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide -binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ co/i 1 * 3 " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L* with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet ( (33 and (38-p 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (01, P2, P4-P7, al and ct2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively {see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (3-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom -of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor ON A/ Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbBZ) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661 -666, 1998. 
© 1998 Wiley-Liss t Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (llql3), and erbB2 (I7ql2-q21) (for review, see Biecheand 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erb&2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Samon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formal in-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al., 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al. t 1994): (i) the 
probe-based homogeneous assay provides a real -time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi -automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbBl), as well as 2 genes {alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C t and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N'\ and is determined as follows: 

copy number of target gene (app, myc, ccndl. erbB2) 
N = — ■• - — 1 ■■ ■ 1 ■■ ■■ 1 . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted'and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at ?5°C. Thermal cycling consisted of 40 cycles at 
95 °C for 15 s and 65 °C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C t and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as I0 5 copies. 

Copy-number ratio of the 2 reference genes (app and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 2 1 q21 .2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean*0.9 1 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and crbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table IT represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc, 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


5=5 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (smalt early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1 990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C t ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real -time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al., 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real -time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (0 Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (/';') We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al, 1992; Borg et al, 1 992). (m) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al ( 1 992) and Courjal et al 
(1997). (/V) The maxima of ccndl and erbBl over-representation 
were 18- fold and 15-fold, also in keeping with earlier results (about 
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Figure 2 - ccndJ and alb gene dosage by real-time PCR in 3 breast tumor samples: TU 8 (H 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems et ai, 1992; Borg et ai, 1992; Courjal et 
al, 1997). (v) The erbBl copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al, 1 995; Deng et al, 1996; Valeron 



et al, 1996). Our results also correlate well with those recently 
published by Gelmini et al (1997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n — 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy n amber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erb&2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erb&2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Ashkenazi. A. Apo2L/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, I.S., Wang, H., * Ashkenazi. A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1, 37-41 (2000). 
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59. Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi. A . Combining enhanced metabolic labeling with 
immunoblotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

61 Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 

Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strong S., Kelley, S., 
Fox, I, Thomas, D., and Ashkenazi. A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. , Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 

Koeppen. H.. Ashkenazi, A ., and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
166,4891-4898(2001). 

63. Pollack, I.F., Erff, M., and Ashkenazu^A. Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M.. Dixit. V.M.. * Ashkenazi. A ., and *Grewal, I.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001): 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, T.. Arnott. P.. and Ashkenazi. A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S., Schwall, R., Sinicropi, D., and Ashkenazi, A Tumor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G., Sliwkowski, 
M., Ashkenazi, A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi. A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi. A.. Peralta, E:, Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. LIII, 263-272 (1 988). 

2. Ashkenazi. A ., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Set Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi. A . CD4 immunoadhesins in anti-HTV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. ' Ashkenazi. A ., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol 10, 

217-225(1993). 

5. Ashkenazi. A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi, A. 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi. A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
EnzimologyS, 104-115(1995). 

9. Chamow, S., and Ashkenazi. A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi. A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

11. Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). . 

12. Ashkenazi, A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol. 11,255-260 (1999). 
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13. Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl , DcR2; and DcR3. 
Online Cytokine Handbook (www.apnet.com/cvtoki nereference/). 

14. Ashkenazi. A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. and Ashkenazi, A . Apoptosis signaling by Apo21/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi, A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine arid Growth Factor Reviews 14, 337-348 
(2003). . ' ' 

Book: 

Antibody F" glV>n PmtwiTm (rhamnw. S:, and Ashkenazi, A ., eds„ John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HTV isolates to ( CD4 is independent of CD4-gpl20 binding 
affinity. UCSD Symposium, HTV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use ofimmuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halfiife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor hnmunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, C A, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso,CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1 996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Headi NC, March 1996. 

1 0. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

11. Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 

Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

1 4. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: ah alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

1 8 . Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 

May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
. rCA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23: Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 

August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

31. Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33 . Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2I7TRALL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA* June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2I7TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2I7TRAJL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. . ' 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. ( 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001 . 

41. Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001 . 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 200 L 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001. 

44. Targeting death receptors in cancer with Apo2I7TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001 . 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001 . 

49. * Apoptosis signaling by death receptors. American Society of Nephrology 

Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

51 . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international, 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apb2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jari 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003 . 

58. Targeting apoptosis through death receptors. Second international Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994); 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan,.T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999): 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A. Fong, S., Goddard, A., Gurney, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

11. Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,582,928B1 (Jun 24, 2003). 
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DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows: 

1 I was awarded a Ph D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentecfts Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins", When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, iriRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly Wgherlevels^a^m correspond^ — 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology mat increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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Paul Polakis, Ph.D. 
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PUBLICATIONS: 

1. Polakis, P G. and Wilson, J. E. 1982 Purification of a Highly Bindable Rat Brain 
Hexokinase by High Performance Liquid Chromatography. Biochem. Biophys. 
Res. Commun! 107, 937-943. 

2. Polakis, P.G. and Wilson, J. E. 1984 Proteolytic Dissection of Rat Brain 
Hexokinase: Determination of the Cleavage Pattern during Limited Digestion with 
Trypsin. Arch. Biochem. Biophys. 234, 341-352. 

3. Polakis, P. G. and Wilson, J. E. 1985 An Intact Hydrophobic N-Terminal 
Sequence is Required for the Binding Rat Brain Hexokinase to Mitochondria. Arch. 
Biochem. Biophys. 236, 328-337. 

4. Uhing, R.J., Polakis.P.G. and Snyderman, R. 1987 Isolaton of GTP-binding 
Proteins from Myeloid HL60 Cells. J. Biol. Chem. 262, 15575-15579. 

5. Polakis, P.G., Uhing, R.J. and Snyderman, R. 1 988 The Formylpeptide 
Chemoattractant Receptor Copurifies with a GTP-binding Protein Containing a 
Distinct 40 kDa Pertussis Toxin Substrate. J. Biol. Chem. 263, 4969-4979. 

6. Uhing, R. J., Dillon, S., Polakis, P. G., Truett, A. P. and Snyderman, R. 1988 
Chemoattractant Receptors and Signal Transduction Processes in Cellular and 
Molecular Aspects of Inflammation ( Poste, G. and Crooke, S. T. eds.) pp 335-379. 

7. Polakis, P.G., Evans, T and Snyderman 1989 Multiple Chromatographic Forms 
of the Formylpeptide Chemoattractant Receptor and their Relationship to GTP- 
binding Proteins. Biochem. Biophys. Res. Commun. 161, 276-283. 

8. Polakis, P. G., Snyderman, 7R TahdnEvansTT. 1989 Chara^ 
GTP-binding Protein Containing a Novel Putative Nucleotide Binding Domain. 
Biochem. Biophys. Res. Comun. 160, 25-32. 

9. Polakis, P., Weber.R.F., Nevins.B., Didsbury, J. Evans.T. and Snyderman, R. 
1989 Identification of the ral and rad Gene Products, Low Molecular Mass GTP- 
binding Proteins from Human Platelets. J. Biol. Chem. 264, 16383-16389. 
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Non-invasive and Invasive Human Transitional 
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Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis. The results showed 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d7, 
ems1, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11p-, 1q + , 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Ma terial— Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 



1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA- FAB P, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1 . DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. B, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
(left). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation; The central vertical line {broken) indicates a ratio value of 1 (no change), and the vertical lines next to it {dotted) indicate a ratio of 
0.5 (left) and 2.0 (right). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDLDK/sdata.html). The bars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-fold 
increase (black), >2-foId decrease (blue), no significant change (orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated (black), at least half of the genes 
down-regulated (blue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of —1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A) + RNA was isolated by an oligo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation— 1 of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing aT7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 ^g of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5x SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 /ig/ml (Molecular Probes) in 6x SSPE-T 
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for 30 min at 25 °C followed by 1 0 washes in 6 x SSPE-T at 25 °C. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

MicrosateHite Analysis— Mtcrosatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 jmJ for 35 
cycles. Trie amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 jmg) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 fig/ml 4,6-diamidino-2-phe- 
nyl indole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— The CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 

Correlation between alterations detected by CGH and by expression monitoring 

Top, CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). 
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two invasive tumors (stage pT1 , TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17+, and 20q11 .2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. 1A) and 
20q12in TCC 827 (Fig. 1B). 

mRNA Expression in Relation to DNA Copy Number— The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1 ,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, top). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, fop). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig. 2. Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦) and their non-invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1, which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81 %; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2). For both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2). Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es—In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1 , TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
1 0q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1 q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1 A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 1 1 p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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Fig. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general j3-spectrin (gene number 1 1 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (A/), and the lower curves show the 
electropherogram from tumor DNA (T). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated {horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene (vertical axis). ▲, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (fop of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class y, number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 13; 8 (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C (from left), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-e, and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
top), glutathione S-transf erase- tt and mesothelial keratin K7 (type II); 
F (from top and left), adenylyl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal 7-actin, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translations ly controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na,K- 
ATPase 0-1 subunit; G, (from top and left), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-7r, and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin, thioredoxin, and NAD + -dependent 15 hydroxy prostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from top and left), 90-kDa heat 
shock protein, prolyl 4-hydroxylase /3-subunit, a-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
(left) and the oligonucleotide array (right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 (red annotation). The tile on the array containing probes for 
cytokeratin 1 5 is enlarged below the array (red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (left) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins il and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table II 



Proteins whose expression level correlates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcript alteration* 3 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres a 


Increase 


Annexin IV 


2p13 


733 


Gain 


3.9-Fold up 


Increase 


Cytokeratin 17 


17q12-q21 


827 


Gain 


3.8-Fold up 


Increase 


Cytokeratin 20 


17q21.1 


827 


Gain 


5.6-Fold up 


Increase 


(PA-)FABP 


8q21.2 


827 


Loss 


10-Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3-Fold up 


Increase 


Plasma gelsolin 


9q31 


827 


Gain 


Abs to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibitin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up b 


Increase 


Prolyl-4-hydroxyl 


17q25 


827/733 


Gain 


5.7-/1 .6-Fold up 


Increase 


hnRNPBI 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



a Abs, absent; Pres, present. 

b In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1q+, Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q — , 1q+, 5p+, 8q+, 
17q+, and 20q + (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1q22-24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 




arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urotheiium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et al. (26) in yeast. 

Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript. One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent ampUcons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high* and low-level copy number 
changes had a substantial Impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel atnplicon at 17q21 3 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1 . Impact of gene copy number on global gene expression levels. A. percentage of 
over- and undercxprcsscd genes (Y axis) according to copy number ratios (X axis). 
Threshold values used for over- and undcrexpression were >2.)84 (global upper 7% of 
the cDMA ratios) and <0.4826 (global lower 7% of the expression ratios). B, percentage 
of amplified and deleted genes. according, to expression ratios. Threshold values for 
amplification and deletion were >1.5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



5 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse transcription- PCR 
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Fig. 2. Gcnomc-wide copy number and expression analysis in the MCF-7 breast cancer cell line. A, chromosomal CGH analysis of MCF-7. The copy number ratio profile (blue 
line) across the entire genome from Ip telomere to Xq telomere is shown along with ± 1 SD (orange lines). Ttw black horizontal tine indicates a ratio of 1 .0; red line, a ratio of 0.8; 
and green tine, a ratio of 1.2. B-C, genome-wide copy number analysis in MCF-7 by CGH on cDNA microarray. The copy number ratios were plotted as a function of the position 
of the cDNA clones along the human genome. In B, individual data points arc connected with a line, and a moving median of 10 adjacent clones is shown. Red horizontal line, the 
copy number ratio of 1 .0. In C, individual data points are labeled by color coding according to cDN A expression ratios. The bright red dots indicate the upper 2%, and dark red dots, 
the next 5% of the expression ratios in MCF-7 cells (overexpressed genes); bright green dots indicate the lowest 2%, and dark green dots, the next 5% of the expression ratios 
(underexprcssed genes); the rest of the observations are shown with black crosses. The chromosome numbers are shown at the bottom of the figure, and chromosome boundaries are 
indicated with a dashed tine. 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell Unes. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-4S3, MDA-468, 
SKBR-3, T-47D, UACC812, 2R-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (11-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 /tg of genomic DNA from breast cancer cell lines and normal 
human WBCs were d igested for 1 4-18 h w ith Alul and /tarf (Life JTechnol- 
ogies, Inc., Rockville, MD) and purified by phenol/chloroform extraction. Six 
of digested cell line DNAs were labeled with Cy3-dUTP (Amershani 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posrhybridizaiion washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty u.g of reference RNA were 
labeled with Cy3-dUTP and 3.5 of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (1 3, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysts, the ratios were normalized on the basts of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (I.e., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1 .43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower S%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1.43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, w r for each gene as follows: 

m^, - m^o 

where m gyi <r gl and m^, denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigenc cluster using the 
Unigene Build 141. 6 A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz*s GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



Internet address: http://research.rihgri.nih.gov/rtu 
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GENE EXPRESSION PATTERNS IN BREAST CANCER 



Table 1 Summary of independent amplicons in 14 breast cancer celt lines by 



CGH mlcroarray 


Location 


Start (Mb) 


End (Mb) 


Size (Mb) 


lpl3 


132.79 


132.94 


0.2 


Jq21 


173.92 


177.25 


3.3 


Iq22 


179.28 


179.57 


0.3 


3pl4 


71.94 


74.66 


2.7 


7plZl-7pll-2 


55.62 


60.95 


5.3 


7q31 


125.73 


130.96 


5.2 


7q32 


140.01 


140.68 


0.7 


8q21.lt-8q21.i3 


86.45 


92.46 


6.0 


8q2t.3 


98.45 


J 03.05 


4.6 


8q23.3-Sq24.l4 


129.88 


142. J 5 


123 


8q24.22 


151.2) 


152.16 


1.0 


9pl3 


38.65 


39.25 


0,6 


I3q22-q31 


77.15 


8138 


42 


16q22 


86.70 


87.62 


0.9 


17qll 


29.30 


30.85 


1.6 


I7ql2~q21.2 


39.79 


42.80 


3,0 


!7q21J2-q21.33 


52.47 


55.80 


33 


17422-^23.3 


63.81 


69.70 


5.9 


!7q23.3Hj24J 


69.93 


74.99 


5.1 


I9ql3 


40.63 


41.40 


0.8 


20ql1.22 


34.59 


35.85 


13 


20ql3.12 


44.00 


45.62 


1.6 


20ql3.l2-<iJ3.13 


46.45 


49.43 


3.0 


20ql3.2-ql3.32 


51.32 


59.12 


7.8 



CGH were validated, with lq21, I7ql2-q21.2, 17q22-q23, 20ql3.I, 
and 20ql3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9JH3 (38.65-39.25 Mb),' 
and 17q21.3 (52.47-55.80 Mb). ( 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lp!3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl J-pJ2 (Fig. 3.4). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 35). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent amplicon at !7q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 3B, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells/Furthermore, this novel 



extended to include neighboring oonamplificd clones (ratio, <1.5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RP1 1-361 K8 was la- 
beled with SpectrumOrange (Vysis, Downers Grove, !L), and Spectrum- 
Orange-labeled probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PGR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, WT) with 10 ng of mRNA 
as a template. HOXB7 primers were 5 r -G AGC AG AGGG ACTCGO ACTT-3 ' 
and 5 '-GCGTCAGGTAGCG ATTGT AG-3' . 

RESULTS 

Global Effect of Copy-Number on Gene Expression. 13,824_ 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e., belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. \B). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profile*. A, genes in the 
7pl l-p12 amplicon in the MDA-468 cell line are highly expressed (red dots) and include 
the EGFR oncogene. B, several genes in the I7ql2, 17q21.3, and 17q23 amplicons in the 
BT-474 breast cancer cell Use arc highly overexpressed {red) and include the HOXB7 
gene. The data labels and color coding arc as indicated for Fig. 2C. Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR (red) and chromosome 7 
centromere probe (green) to MDA-468 (A) and HOXB7-specific probe (red) and chro- 
mosome 17 centromere (green) to BT-474 cells (8). 
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Fig. 4. List of SO genes with a statistically 
significant correlation (a value <0.0S) between 
gene copy number and gene expression. Name 
chromosomal location, and the a value for each 
gene are indicated. The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. fi. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



* Internet address; http://www.geneontology.org/. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarray s to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantia] with the most dramatic effects seen in the case of high- 



4 Interna address: http://www.ncbi. nlm.nih.gov/entrcz. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer ampl icons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the bomeobox gene region at I7q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
turaorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing —2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC t 
EGFR, ribosomal protein s6 kinase, and AIB3> but also numerous 
novel genes such as NRAS-related gene (lpl3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect allof them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes , the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as w*ell as to prioritize and 1 
validate putative targets for therapy development. 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation In 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer ceil lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation In gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g., FGFR1 (8pll), MYC (8q24), CCND1 (llq!3), ERBB2 
(17ql2), and ZNF217 (20ql3)] and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Ceil Lines. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et al (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. 'Test" DNA 
(from tumors and cell lines) was f hiorescentiy labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using SCAN alyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig. 1. Genome-wide measurement of DMA copy number alteration by array CGH. (a) DNA copy number profiles are illustrated for cell tines containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a different cell line or tumor, and each column represents 
one of 6,691 different mapped human genes present on the microarray, ordered by genome map position from 1 pter through Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a logj-based pseudocolor scale (indicated), such that red luminescence reflects 
fold -amplification, green luminescence reflects fold-deletion, and black indicates no change (gray indicates poorly measured data), (b) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome* assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for ail elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. lb) f as we did before 
(7), demonstrated the sensitivity of our method to detect single* 
copy loss (45, XO), and 15- (47,XXX), 2- (48.XXXX), or 
2.5-fold (49,XXXXX) gains (also see Fig. 5, which is published 

-as supporting information on the PNAS web site). Fluorescence 

ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within Iq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 709&/189&, respectivery), consistent 
with published cytogenetic studies (refe. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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Rg. 2. DNA copy number alteration across chromosome 8 by array CGH. (a) ON A copy number profiles are illustrated for cell lines containing different numbers 
of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. The 241 genes present on the microarrays and mapping to chromosome S are ordered by position along the 
chromosome. Fluorescence ratios (test/reference) are depicted by a log 2 pseudocolor scale (indicated). Selected genes are indicated with color-coded text (red, 
increased; green* decreased; black, no change; gray, not well measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the microarray are indicated in the 
row above those genes represented on the array, (b) Graphical display of DNA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tumor/normal) are plotted on a log? scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P » 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P = 0.04), and harboring TP53 mutations (P = 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

Hie improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacteri2ed oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer ceil line 
SKBR3. Although a conventional CGH analysis of 8q in SKJBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b), For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). 

For a subset of breast cancer celt lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number and gene expression across chromosome 17. DMA copy number alteration (Upper) and mRNA levels (tower) 
are illustrated for breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering (Upper), and the 
identical sample order is maintained (lower). The 354 genes present on the mtcroarrays and mapping to chromosome 1 7, and for which both DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are indicated in color-coded text (see Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate log? pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-lever amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2) t and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 ceil lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's 
t tests comparing adjacent classes: cell lines, 4 x 10~ 49 , 1 x 10 
5 X 10-M X ICT 2 ; tumors, 1 x 10= 4 Vl -x 10" 2l \ 5 X 10" 41 , 
1 X 10~ 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average Iog(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1 .4- and 1.5-fbld changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a> regression line not shown). Second* we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 4b) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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Fig. 4. Genome-wide influence of DNA copy number alterations on mRNA levels, (a) For breast cancer cell lines (gray) and tumor samples (black), both 
mean-centered mRNA fluorescence ratio (log 2 scale) quartiles (box plots indicate 25th, SOth, and 75th percentile) and averages (diamonds; /-value error bars 
Indicate standard errors of the mean) are plotted for each of five classes of genes, representing ONA deletion (tumor/normal ratio < 0.8), no change (0.8-1 .2), 
low- (1.2-2). medium- (2-4), and high-level (>4) amplification, P values for pair-wise Student's t tests, comparing averages between adjacent classes (moving 
iefttoright).are4x 10-", 1 x 10'« 5 x 10" 5 , 1 x 10' 1 (cell lines), and 1 x 10" 43 , 1 x 10-"* 5 x 10" 41 , 1 x 10"« (tumors). (6) Distribution of correlations between 
DNA copy number and mRNA levels. for6,095 different human genes across 37 breast tumor samples. <c) Plot of observed versus expected correlation coefficients. 
The expected values were obtained by randomization of the sample labels in the DNA copy number data set. The line of unity is indicated, (d) Percent variance 
in gene expression (among tumors) directly explained by variation in gene copy number. Percent variance explained (black line) and fraction of data retained 
(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values. Fraction of data retained is relative 
to the 1.2 intensity/background cutoff. Details of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
underlying DNA copy number alteration can be found in the supporting Information (see Estimating the Fraction of Variation in Gene Expression Attributable 
to Underlying DNA Copy Number Alteration). 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
1% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. 4d). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/. 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. 4d). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples, 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast rumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNAmicroarrays used in our 
analysts may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likery to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et al. (15) recently reported that in metastatic 
colon tumors only —4% of genes within amplified regions were 
found more highly (>2-fbld) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al (15) may have 
systematically under measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 6296 of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g. > proteosorae, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors 
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ABSTRACT Wot family members arc critical to many 
developmental processes, and components of the Wat jlenal- 
■ne pathway have been linked 10 runiorigeneaLs in familial and 
sporadic colon carcinomas. Her* we report the identification 
of two aeacs, WISP-2 and WJSP-2, (hot arc up-rcpiUted in the 
mouse mammary epithelial ceil line CJ7MG transformed by 
VYnc-l, bui not by WaM. Toeectier wltn a tDird related eene, 
WISPS, these proteins (ien«e a submmiiy of the connective 
tissue growm 'actor ramily. Two distinct systems demon- 
strated MTV Induction to be associated with the expression or 
Wat-]. These included (1) CS7Mfi celk infected with o WnU 
retroviral vector or estprasing Wnt-1 under the control of % 
Utricviine repristible promoter, and («) Wnt-1 transgenic 
mice. The WTSPJ gend wit localised to human chromosome 
8q24a-8q2d3. WJSP-1 genomic DNA was amplified in colon 
cancer cell tinac and in human colon rumors and lis UNA 
overetprcjiod (2- to >30-fo)d) in 84% ofth« rumors examined 
compared with patient -matched normal mucosa. WI$J**3 
mopped to chromosome 6qJ2-6*q23 and oho was OTtrcx- 
presjed (4- to > 40-fold) in 63% of the colon tumors analysed. 
In contrast, W/SP*2 meppvd to human chromosome 20oJ£- 
20ql3 and its DNA was amplified, but RNA expression tos 
reduced f,2- to > 30- fa Id) In 79% of the tumors. T&ese results 
suggest 'hat the WIS? genes may t* downstream of Wnt-l 
signaling ant) thai anerram levels of wrsr expression in colon 
cancer may play a role m colon rumnrigencsis. 



Wnt-1 t£ a member of an expanding family of cysteine- rich, 
glycosylated signaling pro t* ins that mo ditto civorso develop- 
mentai processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell feces (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary tdenacarcinomas (3. 4). Although Wnt-1 is not 
expressed in ihe normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mHmnulIan cells. Wnr tamJty members initiate signaling 
by binrtine '0 Che seven-rransmembrane spanning Fmiled 
receptors and recruiting the cytoplasmic protein Dlshevatlea 
(Dsn) to trie cea membrane (1, 2, b). Dsh then inhibit! the 
kinase activity 0/ we normally constturively active glycogen 
synthaia Wnate-ap rorulting in an ircraace in 

^.citenln leveu. Stabilized ^<atenin intoracu with rhe ttan- 
scrtptlon Dclor TCF/Lcf 1, forming a complex thai appoars in 
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the nucleus and binds TOF/Lcll target DNA elements CO 
actirate tranacriplion (7, 6). Other experiments suggest iliac 
the adenomatous polyposis coll (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by rcgulaiutg 
l-c&tenin lavsbt (9). APC is phosphoryJuted by bind* 
to j3-catonin, end foeilitcces iu. deplreddiiou. Matatiuns in 
either APC or 0-oatonin have been lusociaicd with colon 
caxcinom&A and melanomas, suggesting these mutations ccn- 
tnbole to the development ofthcao type;* of oaneor, implicaung 
the Wnc pathway in tumorigencaia (I). 

Although much nan been learneo about the Wnt aienaline 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have boon described 
cannot account Cor all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genea aro 
mose encoding the nodal-raiatod 3 gone, Xnr3, a mombcr of 
the transforming growth ucicr (TO>>/i uipcTfamiry, and cha 
OOmeObOx genes, engrailed, gcosecaid, min (Xru/n), and siamcis 
(2). A recent report also identifies c-rrye as a target gene of the 
Wnl signaling patnway (10). 

To loentify iCdiiional £Joumstre3m genet In the wnt tignal- 
inH DftrJi^By rhar are relevant to the tans termed cell pheno- 
rype. we used a PCK-hascd cDNa subtracnon strategy, fup- 
prcssion subtractlve hybridiutjon (55 H) (M). using kna 
Lwlaced from C17MO mouse mainmaiy epuneilal celk and 
C57MO cells .uably transformed by a Wnt-.t retrovirus. Over- 
expression of Wtii-I in ibis cell line is sufficient t» induce a 
parcially transformed phenocypc. cha)*3CTcrl2cd by elongated 
and rcfractilc cells thdt l02e contact inhibition and form a 
mulciltycred array (12, 13). Wc rcwoncd that genes differen- 
tially expressed between these r«vo cell lines might con tribute 
to th© transformed phenocypc 

In this paper *c describe the ctoninc and chcrsccchzation 
of two genes up-rcRulflted in Wnt-1 transformed cells, rVISP-1 
and and a third related gene* W1SP-3. The WISP genea 

are members of the CCN femur of crowih factors, which 
included connective tissue growth factor (CTCiF), Cyr61, end 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH \*« porfoTnvsd bv using the PCR-Salect cDNA 
Subtraction Kit (CLONTBCH). Tester doublo-slrandcd 



Annrevfatloni: TCF. IransCoricing growth fucteir: CTCF, eonneeiiv* 
eiwui; trywih Cactor; SSI'I, suppression suotractlve hyoridlnclon. 
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cDNX w« synthesized from Z^of poty(Ar RNA isolated 
from the C67 MO/Wni-l eel) line and driver cDNA from 2 Mg 
of poly(A)* RNA from the parent C37MO cells. The sub- 
tracted cDNA library was suctioned Into a pGEM-T vector for 
further analysis. 

cDNA library Serening. Clones encodlne full-length 
mouse W/5/»'J ^rc isolated by screening a AfiUO mouse 
embryo cDNA library (CLONTECH) with a 7i i-bp probe from 
the original partial clone 568 saquence correspondtae to amino 
adds L2S-169, Clones onooding fuli-tength human WISP-) 
were isolated by screening AgtlO lung and tcUl kidney cDNA 
Jtonries with the seme probe at low stringency. Clones en- 
. coding fulMcngth mouse and human WISPJ wereiMlated by 
screening a C57MG/Wnt-1 or human fetal ^^g fDNA ^library 
with a probe corfespondlne » nucleotides 1463-1512. Fuiu 
length cnNAs encoding WISP'3 were cloned from human 
bone marrow and fetal Jcldncy libraries. 

Expression oi Human WW RNA* PGR amplification of 
firti-itraad cDNA was performed with human hduitiple Tiasue 
cDNA panel* (CLUKIBCK) and 300 uM of each dWTP at 
94*C for 1 tec, STC lor 3Usec. 7rc Tor 1 min, for 22-32 cycles. 
WISP and glyceraldahyde-i-phosphaie dehydrogenase pomer 
soquencee are available on request. 

/n Hybridisation. "P-labcted sense and antisensc ribo- 
probo were transcribed from an Ky7-bp Pf:R produci corre- 
sponding Lo nucleotides 601-1440 at mouse »7.TrV or a 
294-bp f»CR product corresponding to nucleotides 67.-375 0/ 
mouse WISP-2, All tissues were processed a* described 

Radiation Hybrid MoDpinfi. Genomic DNA from e£Ch 
hybrid In the Stanford G3 and GenebridgeA Radiation Hybnd 
Panels (Research Genetics, HuntsvMe, AL) md human and 
hamster control DNAS were PCR-amplifi*o\ and the results 
were fljf)mittcd 10 tilt Stanford or Massachusetts Institute of 
Tochnoiogy web servers. 

Cell Uees, Tumors, and Mucosa Specimens. Tianuc speci- 
mens were cctaincd from the Department of Paiholo^y (Uni- 
versity of Pittsburgh) lor patiencs undergoing colon i cscction 
and from the University of .Cecils. United Kingdom. Genomic 
DNA was isolated ((Jiagen) from Hie ponied blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human call lines: bWAgQ, COLO WDM. HT-29, 
WiDr, and SW403 (colon adenocarcinomas). .5W620 (lymph 
node molaeiaeiifl, colon adenocarcinoma). HtT Uft (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a veviam of ATCC colon adenocarcinoma cell tine IS 
1.74T). DNA conccncroiion was determined bv using Hoechsi 
dye 33258 intercalation I luorimetry. Toul RNA wis prepared 
by toomogenization in 7 M GuSCN followed by cenuifugation 
over CsO cushions or prepared by using RNAzol. 

I ienc Amplification and RNA Expression Analysis , Relative 
gartfi amplification and RNA expression of WISPs and c-«iyc in 
ihe cell lines, colorectal tumor*,' and normal mucosa were 
determined by quantitative fCR Geoo-specific primers and 
fluorogenic proces (sequences available on request) wore 
designed and use<t to ampli/y and quantitatc the eenca. Tha 
related gene copy numoar was derived by using the formula 
2iAct) where ACfc represents the {inference in amplificntion 
cycles required to detect tne WISP genes in peripheral blood 
lymphooyia DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
o-mcihod wee used for calculation ol tha SE of 'he gene copy 
number or RKA expression lovel.The i*/£rMpeci.tiC Signal was 
norTralircd to that of tha glyceraldehyde.3-phospJwtc dchy- 
droacnasc housakoeping gdne. All TaqHan assay rcaeenB 
>vcic obitined from Pcxltin-EUncr Applied HiOfysteiUS. 

RESULTS 

Isolation or W1SP-) and WJSP-2 by SSH. To identify Wnl- 
l.-lnducible sencs. vye used the techniqud of SSH using the 
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mouse mammary epithelial cell line C57MO andCS7MG eclb 
that stably express vwnM (U), Candidate ditfcrcncially cx- 
pressod cDNAe (1,38* total) *ere sequenced. Thlny-ninc 
percent of the sequences matched known guncs or homo- 
logucs. 32% matched wpreiacd sequence ug«, ana 29te had 
no match. To confirm that tho transcript was differentially 
expressed, semiquantitative reverse crnnacription-PCR and 
Nortbem analysis were performed by using wRNA from the 
C57MG and C57MG/vVnt-t cells. 

Two of the oDNAs, mxP-i and mSP-\ weec differeniiaiiy 
exprcasod, being induced in the CffTMry Wnl-l cell line, but 
not in Che parent CS7MG celU or C57MO caOt oveiexpresslng 
Wnt-4 (Fig. \A and £). Wnt-4, unlilu* Wm.l, downot induce 
the morphological transformation of C57MG celU and has no 
effect on Jttatcnln levels (13, 14). Exprcsaon of WMM wej 
up-iigulated approximately 3-fold in the C57MG/Wnt«l cell 
line and W1SP-2 by approvlmately by both Northern 
analysis and reverse transcriptiotw^CP. 

An indopandent, but <imilar, system was uSCA to examine 
WISP expression after Wot -1 induction. C57MG cells express- 
ln£ the Wnt-l ecne under the ccrtfol of > tetracydino 
reprcsaiblc promoter produce low exownts of Wnt-l in tha 
repressed state but show a strong induction of IVnhl mRNA 
and protein wftnin 24 hr after reiracyoiinc removal (e). The 
levols of Wni-1 and WISP RNA Isolated from these celU at 
various- times after leiracycilae rcnurvat were assessed by 
quantitative PCR. Strong induction cf Wnt-l mRNA was seen 
u early us 10 lu after tetracyolina removal. IndncriOTt or: WW 
mJRNA (^ to oVfold) was seen at 4ft and 72 hr f data not shown). 
These data suDpon our previous observations that show thAt 
WISP induction Is correlaTcd with Wqi-1 expression. Beeauae 
tho induction is slow, occurring after approximately 40 hr, the 
induction of WISPi may be an indirect response to Wol-l 
signaling. , t 

cDNA clones of human WISP-l were isolatec? and the 
sequence compared w ith mouse WISP- L The cDN A sequences 
. of mouse and human MSP-1 were 1,766 and 2,S30 bp ie length, 
respectively, and encode proteins of 367 on, with predicted 
relative rooJccular masses of -4O.000 (M r 40 K). Both have 
hydrophobic N-terminal stgna' sequeiiLcs, 38 conserved ova- 
teine residue*, and four potential N-Unlccd tiycosylacion sites 
end are 84ft identical (Fig. IA). 

Full-length cDNA clones of mouse and human were 
t .734 and 1,293 bp in Icmjch, respectively, and encode proteins 
cf 251 an£i 7.10 aa, respectively, with preclictud rolstive molec- 
ular tnasses of -?7,0nn (/W, 27 K) {Fit 2Ii). Movae and human 
WISP-2 ure V3fi identical. Humiin WISP-2 has no polancihi 
N-linked glycosylation iiteS, and rnOUSC WISP-2 has one i.t 



Ftc. 1. wisp>\ and WWareiDdgoidbYWnt-l.fcuinetVynt*, 
aprcsiion in OTMC u-H». Horthern "^j; ' ? f ™Pj (A)™* 
mSP'2 (B1 «pro.iion in C57MC, C$7MC/Wnul. snd r.%7MC./ 
Wnt-« cdb* Poly(A)+ RNa (2 wu tuhjeciefi to Mor'hem btot 
cnalynw and hybndized with a 70-ep mouwS WJAM-iOztifc yroOc 
(unino jcidt 373-3UU) or 1 l^-ho WXP-J-Wecifc H«be (ouclootulw 
U2g-lfi27) in the V untranslated (eglon. 8Iu«wcrc rciiyUndiwd^ah 
bmnan tf-tctin prolic. 
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ru .. i Encode amino acta "JSSJ IwSLSS 

human WSP-t W j and mouse and human IWISM (*)- ™ P«J"« 

v^-ttuonbuipuiidin (TSPy. md C-wnnmrf (CT) noraims - are 
underlined. 

position 197. W1SP-2 to *S cyiieinc residuca that ere con- 
served amon* the 33 cysteines found In WW-i. 

Idcn^cotioD of WSW. To search lor related praccins. wc 
sensed cHpicned sequence tag (ESn flitatwa jjA «* 
W^P-\ protein sequence and identify several WTs 
?oSIliir& Wo identified a ^gOU, 

SJottta ti« we nave called WISP-i. A fiUUcuth i™ 
HtfJM cUNA of 1,37 J. op wax isolated corteBpondtna » tlu * £ 
EST* that encode a i54^aa protein with a predftcd molecular 
ma* of 39,293. WISP-3 has two pOiendal N-bnkcd fiiyeoeyl- 
ation and 36 cysteine r^idues. An ailftnm« erf Uw thrift 
Ln WISP p^tein, M *.t ^^^ S ^ 3 ^ 
noaslmStar (42% identity), where* ^, h « 37 * « 1cnW3r 
with WJ5P.1. and 32% identity *itb WISP-J (Mg. W). 

wiSPt Are Homologous u> the CICF Fumiy or Prowms. 
Human WISP- J. WSP-2. and HWW r.re novel ^"J*; 
however, mouse i« IHC sumc » the recently 

£im) qent. £/mJ is expressed In low, but not high, metastatic 
mou 3 e melanoma cells, and suppress* the m vto erowth and 
metutaiic potential of K-V/35 mouse melancmc collfl (151. 
Human ond mouse WISM a* homologous to the «ccntJy 
described rat gene, rCcp-I (16). Significant homolop (36- 
tTS^z aecn'o tho CON family of growth iaciors. This ftmily 
includes enrec memben, CTCF, Cyr6I, and the p^oj 
gene nov. CTGF Is a chemoticuc and mnofternc laeioi tor 
fibroblasts (hat Is impfeLed in wound healing and tibroue 
disorders inO is inducefl ny TGF-0 (17). Cyt61 is «n extracel- 
lular matrix tignaling molecule ih£L oicmotoJ cell *dh«sion. 
proliferation, migration, ang.OgcneSli. and tumor Rrcrwlh (IS, 
19) nov (nephroblastoma overexposed) is. an immediate 
early Ecnc wociaud «ith quiescence and fnund altered in 
Wilma h"no« (20). Tho prouins of the CCN family J hare 
functional, but not abquencji, limjlarity w ^--V All «e 
secreted tysicinc-rich hoporin bmdmg glycoproteins chat is- 
codate with the cell surface and enltacellular matr-x 

Wl!aP proteins CXtlibil the modular wclutcccure ok the CCN 
family, rturacterlzscj by four conserved cyileincnch donwios 
(Fig. IB) (21). The n -terminal domain, which in filttde6 ^* *J" C 
12 eysieino residue*, contains a consetuiw sequence (GCGC- 
CXXC) conserved m mote innilirvUkc rroNvth factor (IGP)- 



^ Nori. ^e«i. W "S4 W f^J 14719 , 




B. 



mm :»tt.*.no» , '<tf>'^*0""'f3'" , "'i r R 

w ,tMty»t'. iiT' ft* , '! T3f y » J ^ 3 



TfTTD - ^ 



©onnnxnoi^ 



mora 



c. 




Sin. i (A\ Encodtd *nu«o »eid (»qu«io. »li((nmeiit of human 

*•» «• >bie»t in WISP-I are inflicsctd a 4*\ (0 S»P'M»»n of 
W7£p!oRNA in Human (issua. PC* p«J«tnoJ oa bum.. 

cDNr P «d, (CLOMT5.aC) tam the M*«U M 
>nd rent tluua. 

bipdinf protein. (BP).Thi* c^uenca b conserved to WISM 
ind VvTSp.3, whereo* WISP-l hu a glutwnlne in the third 
palOOD ln*«Ud of . glyeino. CTCF rercnay hai teeoAm 
io .peelOcally bind 1CF (22) and a .run^ted^av prow m 
laclring the TOF-BP dotruun « o«o S »r.ie (33V The von W1- 
kbraJd tictor cype C module (vwa .Jeo found « cecum 
eollaaeni and mucins, covcrsrhe nc« 10 ey,ta,ne naidaM, and 
„ tbouehi' to. partieipaie in protein complex »'™*'»» » ud 
ol*omf f i«tior, (2/) r«« VWC doma n of WISP-3 djffera 
from all CCN family memsera dKCrlDed picvioualy. in that .t 
containa only ,U of tha 10 cysteine residues (Fit 3 tv**)- 
A "no™ variable ration follow tha vwc doma.n The th.rd 
module Che chrombcaooodin (TSPl <ioma.n is involved In 

?«,dufa and a conserved ,nouf firau^ed .n 

hrombotpondin (^1). The C-tennitial (CT) module ^eontam- 
ina the remaining 10 cysteitica ia ^hoi-ght to be involved in 
Sa-rtadon and'recepcor bindtaE (M). The , CT tto-jm * 
preaint in all CCN tamity memOecs ducribed to dole but » 
absent in WISP-2 (F.g. 3 >! »d B). TtlC aiscnes ot a putat.v, 
•ienil sequent and tha abtenea of .i transmembrane domain 
sifneat that WISPa ore sacrcted proteins, an nbscrval.o.. 
supported by an inafoil of their wpreiaioai and seciCHOn from 
'JKlho'eell .ndbaculovirua culture. (data .«« ^ 
Bxpr.«ton of mSf -WA J« Human T..«u« UM. 
lp «;fic expression of twman WISH cbaracteruad by 
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analysis on aduli and retai multiple tissue cDNA panels. 
wjsp-j expression was seen in the aduli heart, kidney, lung, 
pancreas, placenta, cvary, small intestine, and spleen (Fig. 3C). 
Little ot no expression was detected in (he bralfc liver* skeletal 
muscle, colon, peripheral Diood leukocytes, prostate, tcsrlsVor 
thymus. WISP-2 had a more restricted tissue expression find 
was detected in ndult skeletal muscle, colon, cvary, and fetal 
lung. Predominant expression of W($P-3 was seen in adult 
kidney and testis and fetal kidney. Lo*er levels of WlSP-3 
expression were detected in ploconta, ovary, pro6tato, and 
small intestine. *- < . ■ -■• , 

In Slat Localiwtion of WISP*! and W1$P»2. Expression ot 
WISP'l and WISP -2 was assessed by in tint hybridisation in 
mammary tumors from Wm-1 cransaenic mice. Slrcna expres- 
sion OX WW-/ was observed in stromal fibroblasts Vi»>e within 
the fibrovascular tumor suoma (Pig. + A-D). However, low- 
level wiSPn expression also was observed focaily within tumor 
celli (data noi shown). No expression was observed in normal 
breast. Lite W1SP-l t MSP- J expression also was seen In the 
tumor stroma in breast tumors from Wnl-1 transgenic animals 
(Fig. 4 £-/A. However, WISP J expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




P|0. «. C. 5, and 0) Reorcscncativc hema w«vlin/eoain-aioincd 
(flUges from breast cumow in Wnt-I transgenic mice. The correspond* 
ing dtrk-ficld imajoj showing WMM ™pr«diOil *ro shown in 8 and 
D. The tumor is a modorvtely w»U.dirur«rttislcd adenocarcinoma 
showing 4vid«nc9 of ada noi d cyibc change. At low power (/4 and H). 
expression of WISP-} is seen in the rteiicaic trenchinc fibrovascular 
tumor stroma (arrowhead). Arhi£itfrtnafnmc*twn. expres&ioji inecn 
In me stromolU) fibroblasts (C aiiJ £>), *ud turner cells' mc noem'vo. 
Focal cxwesjion of WJSP1, henwaw, was cbservod in rumarcell* in 
jorr.c areas. Imsfej or W!$P-2 oppression or a sho^n in £-//. At; low 
power (J? and A), oxprtwxicn of W1SP-2 is cccn in cells lying within the 
fibravaicuUr tumor itfomi. At il'gncr lTI3£nifiC3ilGn. MCSC CCII5 
appeaMC to be icjaccm to capillary vessels *ncrcss rumor eel li arc 
(\eg3ttwc (G ana H). 
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ibc predotninont ceil typo expresakg WlSP-1 was tha stromal 
fibrOblA3W. 

Chromosome Localiwrton of the WISP Gene*. Tho chro- 
mosomal location of the human WfSP ecncj wu determined 
by radiation hybrid mapping panclc. WP-/ tpproximatcly 
c* from tte meiouc marker aFM2J9xc5 [logarithm of 
oorts (lod) score t Mi ] on chromosome 8q24.l co 6q24.3. In tUe 
same region as the rtumm iocuj of the novH Eamily member 
(27) and roughly 4 Mc$ distal to omyc i2&). Preliminary fine 
mipping indicates that WJSP-2 is (oeated near DSS1712 STS. 
. WJSP-2 is linked to the marker SHGC-3:i922 (lod « 1,000) on 
chromotoms 20qI2-2CqL3.1, Human mapped tc chro- 

mosotna 6q22-6q23 oad is linkod lo iho marker AFM21lza5 
(lod - 1,000). WtSP-l is approximsitely 13 Mb« proatimal to 
CTGF and 23 Mbs proximal to the human oellular oncogene 
httB (27, 29). 

Ampllflcarjoo and Aberrant Expression afWlSPs in Human 
Colon Tumors. Amplification of nrojoencoftcnes la seen in 
many human tumors and his ciicLoeiciil and prognostic sir 
nlflcahce. for example, in a varicc> of tumor types, c-m>c 
amplification nas oeen associarcrl with malianenc progression 
and poor prognosis (?0). because WISP*} resides in the same 
general chromosonuJ loai'On (Aq>a) as c-wyc. wo asked 
whethar it wax a target 02 gene amplification, and, if SO* 
whothor this amplification independent at the. c*myc loau. 
Genomic DNA from human colon cuneer eel! lines was 
assessed by quantitative PGR and Southern blot analysis. (Mg. 
SA and £). Both methods detected similar degrees of WJSP-l 
amplification. Most oell linos choked tianiCcant (0- to A-faW) 
amplification, with the HT-29 and WiOr ceU lines demonstrat- 
ine •ri'a-lbld increose. Sijmifioantly, Iho pattern of empUBca- 
tiuh obacrved did net correlate wixh tb^t observed fo* omyt, 
indicating that the e-rrn*c £cnc is not pert of the amplioon thai 
involves die MSP*1 locna. 

We next examined whether the WIS? senes wcte amplified 
In a panel of Vi primary numan colon adenocarcinomas. The 
relative WISP gene copy rttimHer In each colon tumor DNA 
was compared with pooled normal DNA from 10 donor* ryy 
quantitative vcn (fig. ti). The copy numoer of WfSP*j and 
WISP-2 *as signiBcantly greater than one, approximately 
2.fotd for WISP-J in about 60% of the tumors anrJ to «-roW 
ior WISP-2 in 92% of the tumors (P <: U.UU1 lor each), t he 
copy number for WlSP-3 was indietinguuliabk irom one (f* = 
0.166). In addaion, the copy numi>*r i>k' WISP-J was signifi- 
cantly htRher than chat of WISP-l (P < 0 001). 

The levels of MSP transcript* in RNA iiiolatod from 19 
adenocarcinomas and their matched norm til mucoea *ere 





FtO.5. Amplifieflticpof WSP.I «nomit: DMA in colon cincer cell 
lincj (A) Ampl^ication m cell line DNA uas dctcrraiacrt by QuonU* 
LMtve PCR. (fl) Southirn blott ccnismmtf gnomic ONA ('0 ut) 
O'gcstctf w>co EccKl (WV*/) or A7)ol (c-#nyc) were hybridiicd with 
3 100-bp hunwn yrjbc (xmhio flodj 166-219) or o humeo 

z-myc probe (loaicd at bp 1901-2000). "On W!$P and myc g*nM tsi 
dotooiod in normal hnmcn gondnic OMA atw a lo n$*t (Urn axposurc. 
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F,c. J W1SF BNA eXOfCKton in primary ^^/oaTem 
relative to expression in »«m»l mucosa from the «™« P™ em j 

don. In trip.ici.iB. 1 nc experiment wis routed »' '»•' l< "« > 
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m „«oo.The lawntor overexprcssion of WttW ranged from 
4- to >40-£o!d 

discussion 

One approach to understanding the moleculu basis of e«c« 
cells .and and 

CS7MT. mouse mamillary cciiheual cells irwiwonwu oy 
W T^ee of the genes plated. WKM, W*M. a«d WSW, 

ffirtt *» CS7MC! celU infected with a W»ri totrovjraJ 

or dkyi after Wnc-1 trawfonnatfon. *\ Wff .T^ 
"ridW f»m w«-l sicnallnz directly 
trspscripcioD factor regulation or alicinaurdy through w« l 
£S turning ore transcription facto,. *h«h u» tun, 

of^owri factoB. One striking dmcrence ODSC 

ICQOl motif esust "„ d f ,i,s t3i; ' , « j;J b ,. whereas w\SP-?. 
\A.'r«TP-l and WISP--3 may exist a( iimBn, woerea* 1. r . 

S f monomer. If the CT domain is alio important tt, 
Ko^bWlTwiSr^ m*y bind its »JW 
dKt region Of the molccolc th.w. '**^.Zg t %& 
member*. No specific receptor, have been "d"^*^"* 
or A recent report has Shown 1h.1l m««rui avft itf-et. 

wito the TbrZseu.ar mmor Strata in b<-t tumor. ™» 
Wnr.l tranSB*nie jnimals ii consfcicnt with prov,ou« ODSir- 
J^X'SSerip" for cne rela«a CTOF ^ are ^.v 
m»rilv cKDTMied in the tibrous bi roma of maminary rumcR 
fSiV e5S2 W l«U» «hou S h> to enaciol the prol.ferat.on 0 

paw-" flctor* that stimuletod the ptoducion ot OOb Mil 

W fwWfn^tha« mSP.l ^ ^fJSSSi-^ 
observed in the siroinal cdla that wnoundod the tumor cdl« 
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(eoiChetui cells) Itl the Wm-1 transgenic mouse actions of 
K ie l finding <ueg«* /•"T^SS'ttS 
couWoccurin-'Kich the stromal cellscoukl wglg 
WISP-2 » regulate tumor ce» growth on the wist 
MeVma** !»n«l calUcnveo factors m ^ 

:T^Mi SSSTcSir*— i umors suppom this 

human eaten tumor* showed • eoroUho « £ 
amplificeriot. and owcxpreasion, ^KSffl 
RNA w &a seen in the absence «* DNA ampiuua^ort. 
In contra WW DMA.*" amplified in «he «^. hl » 0 «; 
but iu mRNA expression was sutnificently «duced « the 
mejont^oV rumors' ^compared witU/he c^nm no™.) 
colonic mucosa from cne same patient 
WISP J w* localized to ctiromnwme 20ql2-20ql3, el .a region 
frequently amoved *n« associated with poor P'?* n ""J? 
„X«.ga«ive U« cancer and many colon cancer, mo* 
be the existence of one or more oncogenes *t this low 
$-38). ch. center of the WqU ampltcon haano ^ 
Un identified, it ii powible that the apparent iwMtaui 
oW.d for WlSMmv ne caused Dy another gene u, thb 

"a"^* manuscript on Top-/. «te ^ «lWogi «j 

WSM, describee the loss or agression of M*K «T « cell 

iranrforWition. suggest^ » «be« negate 

growth in cell lines (16). Although the meenan.«n 

W-2 BNA expression b down-regulawd den* «f*g4« 

tnnstermation b unknown, the ^ . 

in colon rumors and cell line* sulcata that n ^^n*^ 

a tumor suppressor. These result* show thel th W» genes 

are aberrantly expressed in colon cancer and 

'lured egression may confer selective erowth advantage tc 

th *NteTbe« of the WM signaling pathway ha>e been impli- 
eaud in the pathogenesis of colon cancer, breaareeneer. and 
melanoma, including trie tumor suppresses gene adenoma oua 
polyposis e*li and e-eatanir. (39). Mnmuorn in apeetfcre«ons 
of iUher gene canTause the stabilization and accwnulatwn ot 
eytoSc ^tenin, which presumably con*^ « 
„L carcinogenesis through the actMUOt ^ f W«^o w* 
« ihe WISPi. Although the mechanism by whtcn wnt-i 
SSbrSTcTu. and inic* tumoriaencsia * "™ *e 
denrificaticn of WSft as genu that may be regulated down- 
stream trf *nt-l in C57MG cell. suggests they cadd M 
mponant mediator, of Wnt-1 transformation/ The ampl.tca- 
con and altered expression patterns of th. OT$J» eu ihw 
colon tumors may indicate an important role lor these genes 
m tumor development. 

We ihankthe DNAsyntaaueroap '?'« li 8'^ ol 'S"^ij- n I" 
Baiter tonechnlal wsiru-ce, r. Do*d lor r»o;«t,o«_ hyb,,d mapping- 
™ Willert *>d R. for th* M( .r.p.Mt.ble C> /MO/ Wni,l CCHS. V. 
^ir fcr diK-aaio-a, aad D. Wood »d A, «r U ce (br at.wort 

I Cadig.n, K. M i Wuw.d. R. (If") r7fli« Dev. U. 3286-3305. 

1 D»l» T. C. (1098) flioen**.. / 209-223. 

ji Ntt-e. *. * varmus. K. & (IJ82) C«tf 31. 99-10J. 

7. l^oFcnoar. M.. van ac wctcrini Mv P 0 *'^^^'^ 0 ^ 
MidurO. J.. GQdsavc. S.. Kcirinck, V., Rco» t J.. D»ir«. ^ 
Ckvo, H. (1996) CW/ B4, 3Pl-31">. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph 1 ) has been observed in cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpoint-cluster-region (bcr) sequences from chromosome 
22 fused to a portion of the abl oncogene on chromosome 9. The 
resulting gene product (P210 0 "* 61 ) resembles the transforming 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P2KT* W is expressed in Ph*- 
positive cell lines of myeloid lineage and in clinical specimens 
with myeloid predominance. We show here that Epstein-Barr 
virus-transformed B-Iymphocyte lines that retain Ph 1 can 
express P210 c "* bI , The level of expression in these B-ceil lines is 
generally lower and more variable than that observed for 
myeloid lines. Protein expression is not related to amplification 
of the abl gene but to variation in the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c>abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6). Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P2iQc-tbi (10-13), with an amino-terminal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P210 c "* bl is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160 v abl transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 
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In concert with structural modification of the amino* 
terminal portion of the a 6/ gene, increased level of expression 
has been implicate©* in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher leyels of the 8-kb bcr-abl mRNA and P210 c * bl than 
the c-abl mRNA forms (6 and 7 kb) and PWS^ 1 gene product 
(5, 8, 9, li). The higher level of expression oif the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6).. 

We have analyzed a series of Epstein-Barr virus-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph* do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable" than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210 c " ftW suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-abl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report* 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbecco's modified Eagle's medium lacking phosphate and 



Abbreviations: bcr, breakpoint-cluster region; CML, chronic 
myelogenous leukemia; kb, kilobase(s). 
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ton, Seattle, WA 98195. 
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supplemented with 5% dialyzed fetal bovine serum. Cells 
were then resuspended in 2 ml of the minimal medium. 
Labeling was started with the addition of [ 32 P]orthophos- 
phate (1 mCi/ml; ICN; 1 Ci = 37 GBq) and continued at 37°C 
for 3-4 nr. 

Inununopredpltation and Immunoblotting. Immunoprecip- 
itations were carried out as described (10). Cells (1.5 x 10 7 ) 
were washed with phosphate-buffered saline and extracted 
with 3-5 ml of phosphate lysis buffer (1% Triton X-100/0.1 
NaDodSO 4 /0.5% deoxycholate/10 mM Na 2 HP0 4f pH 7.5/ 
100 mM NaCl) with 5 mM EDTA and 5 mM phenylmethyl- 
sulfonyl fluoride. Extracts were clarified by centrifugation 
and precipitated with normal or rabbit anti-abl sera (anti- 
pEX-2 or anti-pEX-5) (17). The precipitated proteins were 
electrophoresed in a NaDodS0 4 /8% polyacrylamide gel. 
32 P-labeled proteins were detected by autoradiography. 
Alternatively, abl proteins were detected by immunoblotting. 
Extracts from unlabeled cells were clarified, and proteins 
were concentrated by immunoprecipitation with rabbit anti- 
sera against aW-encoded proteins [anti-pEX-2 and anti-pEX- 
5 combined (17)] and then fractionated in 8% acrylamide gels. 
The proteins were transferred from the gel to nitrocellulose 
filters, using protease-facilitated transfer (18), The abl- 
encoded proteins were detected using murine monoclonal 
antibodies as a probe and peroxidase-conjugated goat anti- 
mouse second stage antibody (Bio-Rad) for development. 
Rabbit antisera and mouse monoclonal antibodies to abl 
proteins were prepared using bacterially expressed regions of 
the v-abl protein as immunogens (17, 19). Anti-pEX-2 anti- 
bodies react with the internal tyrosine kinase domain and 
anti-pEX-5 antibodies react with the carboxyl-terminal seg- 
ment of the abl proteins. 

RNA Analysis. RNA was extracted from 10 s cells by the 
NaDodS0 4 /urea/phenol method (20). Polyadenylylated 
RNA was purified by oligo(dT) affinity chromatography. 
Samples were electrophoresed in a 1% agarose/formalde- 
hyde gel and transferred to nitrocellulose, abl RNA species 
were detected by hybridization with a nick-translated v-abl 
fragment probe (21). 

DNA Analysis. DNA was prepared from 5 x 10 7 cells of 
each cell line and processed for Southern blots with a w-abl 
probe as described (21). 

RESULTS 

Variable Levels of P210 c ,bl Are Detected in Ph'-Positive Cell 
Lines. Ph^positive and Ph^negative, Epstein-Barr virus- 
transformed B-lymphocyte cell lines derived from the same 
patient were examined for P210 cabl synthesis by immuno- 
precipitation of [ 32 PJorthophosphate-labeled cell extracts 
with anti-abl sera (Fig. 1). The normal c-abl protein P145 c * abl 
was detected at a similar level in multiple Ph^positive and 
Ph^negative cell lines. P210 cabl was only detected in the 
Ph ^positive cell lines because the bcr-abl chimeric gene 
which encodes P210 cabl resides on the Ph 1 (4, 5, 11, 13). The 
level of P210 c " abl was about 4- to 5-fold higher than the level 
of P145 cabl in the SK-CML7Bt-33 cell line (Fig. 1A, +). The 
Ph l -positive erythroid-progenitor cell line K562 (C) showed 
a level of P210 c abl about 10-fold higher than P145 cabl . 
However, the level of P210 c abl was about one-fifth that of 
P145 cabI in the Ph^positive SK-CML16BM cell line (Fig. IB, 
+). Comparison of different autoradiographic exposures 
roughly indicated that the level of P210 c abl varies over a 
20-fold range between these Ph^positive B-cell lines. Anal- 
ysis of four additional Ph^positive B-cell lines demonstrated 
that the level of P210 c ' abI fell into two general classes; some 
cell lines had a level of P210 c ' abl similar to SK-CML7Bt-33 
and others had the low level similar to SK-CML16BM (Table 
1). This differs from previous studies with Ph'-positive 
myeloid cell lines and patient samples derived from acute- 
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Fio. 1. Detection of variable levels of P210 c ** w in Ph l -positive 
B-cell lines. Production of PUS*** and P210 c - bl in Epstein-Barr 
vinis-transformed B-cell lines derived from a blast-crisis (A) and a 
chronic-phase (B) CML patient was examined by metabolic labeljng 
with t 32 P]orthophosphate and immunoprecipitation. Ph^negative 
(-) and Ph'-posiUve (+) cell lines derived from each patient were 
analyzed. The Ph^negaUve cell line in A,- is SK-CML7BN-2 and in 
B t - is SK-CML16BN-1. The Ph l -positive cell line in A,+ is 
SK-CML7Bt-33 and in £,+ is SK-CML16Bt-l. The K562 cell line, a 
Ph l -positive erythroid progenitor cell line spontaneously derived 
from a blast-crisis patient (33), is represented in C. Cells (1.5 x 10 7 ) 
were metabolicaUy labeled with 2 mCi of [ M P]orthophosphate for 3-4 
hr and then were extracted and clarified by centrifugation. Samples 
were immunoprecipitated with control normal serum (lanes 1), 
anti-pEX-2 (lanes 2), or anti-pEX-5 (lanes 3) and analyzed by 
NaDodS0 4 /89£ PAGE followed by autoradiography with an inten- 
sifying screen (3 days for A and C, 10 days for B). 

phase CML patients, in which P210 c * bl was detected at a 
10-fold higher level than P145 c abl (refs. 10 and 11; Table 1). 
There was no large difference in level of chimeric mRNA and 
P210 c abl expressed in four myeloid/erythroid-lineage Ph 1 - 
positive cell lines (K562, EM2, EM3, CML22, and BV173; 
refs. 9 and 11), despite a 4- to 5-fold amplification of 
cW-related sequences in the K562 cell line. 

Detection of different levels of P210 c abl in Fig. 1 could be 
due to decreased phosphorylation of P210 c abl , a lower level 
of P210 c_ftbl synthesis, or altered stability of the protein. To 
help distinguish among these possibilities, the steady-state 
level of P210 c " abl in the cell lines was assayed by immuno- 
blotting. The results show that SK-CML7Bt,33 (Fig. 2A, +) 
had a higher level of P210 c abi than P145, similar to the results 
with metabolic labeling (Fig. 1). We did not detect P210 c abl 
by immunoblotting with 2 x 10 7 cells of line SK-CML8Bt-3 
(Fig. 2B t +). Reconstruction experiments using dilutions of 
cell extracts showed that we could detect about 5-10% the 
level of P210 c abl expressed in the K562 cell line (data not 
shown). We infer that the steady-state level of P210 c abl in 
SK-CML8Bt-3 is lower than the level in SK-CML7Bt-33 by 
a factor of at least 10. The level of P210 c abl detected in these 
assays correlated with the amount of P210 c abI tyrosine kinase 
activity that could be detected in vitro (data not shown). 

Different Levels of P210 c aM Are Reflected In the Amount of 
Stable bcr-abl mRNA. To identify the basis for detection of 
variable levels of P210 c abl , we examined the production of 
the abl RNA. RNA blot hybridization analysis using a v-abl 
probe (Fig. 3) showed that the normal 6- and 7-kb c-abl 
mRNAs were present at a similar level in Pr^-positive and 
-negative cell lines derived from different patients. However, 
the 8-kb mRNA that encodes P210 c abl was detected at a 
10-fold higher level in SK-CML7Bt-33 (Fig. 3A, +) than in 
SK-CML16BM (B, +), which correlated with the relative 
level of P210 cabl detected in each cell line. Analysis of 
additional cell lines demonstrated that the level of 8-kb RNA 
directly correlated with the level of P210 c ' abl (Table 1). The 
variation in level of 8-kb RNA detected in these cell lines was 
not due to loss or gain of Ph 1 , because cytogenetic analysis 
confirmed the presence of Ph 1 in these cell lines (ref. 16 and 
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Table 1. Relative levels of bcr-abl expression in Epstein-Barr 
virus-immortalized B-cell lines and myeloid CML lines 



Cell line* 


CML phase* 


Ph l * 


P2105 


mRNAf 


SK-CML7BN-2 


BC 


_ 


_ 


_ 


SK-CML8BN-10 


Chronic 


_ 


_ 


_ 


SK-CML8BN-12 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 


+ 


+ + + 


+ + + 


SK-CML21BM 


Acc 


+ • 


+ + + 


+ + + 


SK-CMUlBt-6 


Acc 


+ 


+ + + 


+ + + 


SK-CML8BI-3 


Chronic 


+ 


+ 


± 


SK-CML16Bt-i 


Chronic 


+ 


+ 


+ 


SK-CML35Bt-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+ 


+ + + + + 


+ + + + + 


BV173 


BC 


+ 


+ + + + + 


+ + + + + 


EM2 


BC 


+ 


+ + + + + 


+ + + + + 



•Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph l status: SK-CML7Bt indicates a cell line 
derived from patient 7 that carries the 9\22 Ph l translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, 11, 22, 
33). 

t Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

♦Presence (+) or absence (-) of Ph l as demonstrated by karyotypic 
or Southern blot analysis. 

8p210 c ^ M detected as described in legend to Fig. 1. B-cell lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+++) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ ++++). 

VEight-kilobase bcr-abl mRNA detected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; + + + + + , level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-abl mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than that of 
the 6- and 7-kb species; +, a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of cM-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 c ' fcbl detected. This could be mediated 
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Fig. 2. Analysis of steady-state abl protein levels by immuno- 
blotting. Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 (A,-), SK-CML7Bt-33 (A, + ), SK-CML8BN-10 (5,-), 
and SK-CML8Bt-3 (fl,+) were concentrated by immunoprecip- 
itation with anti-pEX-2 plus anti-pEX-5. Samples were then electro- 
phoresed in a NaDodSO</8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 aM-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 
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Fig. 3. Comparison of abl RNA levels in Ph l -positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abt 
RNAs and the 8-kb bcr-abt RNA were analyzed by blot hybridization 
using a v-abt probe. RNA was extracted from Ph'-negative tines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (£,-), from Ph l -pos- 
itive tines SK-CML6Bt-33 (A,+) and SK-CML16Bt-3 (B,+), and 
from line K562 (C.+) by the NaDodS0 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 i*g of each sample was electrophoresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-translated v-abt fragment 
probe (21) and then autoradiographed for 4 days. 



by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph l is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 
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Fig. 4. Southern blot analysis of abl sequences in Ph l -positive 
and -negative B-cell lines. High molecular weight DNA (IS /ig) was 
digested with restriction endonuclease BamHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb£#/ II v-abl 
fragment (1.5 x 10" cpm/Vg; ref. 21) and exposed for 4 days. (A) 
Auto radiogram of a/>/-specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3). SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16BM (lane 6), SK-CML21BI-6 (lane 7), SK- 
CML35BI-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 1 1). {B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose , showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CM L. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-aW 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of /ra/u-acting factors that occur during evolution of 
the disease. Our analysis of P210 c abl and the 8-kb mRNA in 
Epstein-Barr virus- transformed Ph ^positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P2iQc-abi one _fift n that of P145 c " abr , as detected by metabolic 
labeling with [ 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 C ftbl expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Ph^positive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c " abl in those 
derived from patic ^ at more advanced stages of the disease. 
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It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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Review 

Paul a. Haynes Proteome analysis: Biological assay or data archive? 

Steven P. Gygi 

Daniel Figeys j n tn j s rev j ew we examine the current state of proteome analysis. There are 

Ruedi Aebersold three ma j n i ssues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 
Department of Molecular can be used t0 ennance biological research. We conclude that proteome anal- 

Biotechnology, University of ysis i$ m essent i a | tool in the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. i 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [1]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 

Correspondence: Professor Ruedi Aebersold, Department of Molecular 
Biotechnology, University of Washington, Box 357730, Seattle, WA, 
98195, USA (Tel: +206-685-4235; Fax: +206-685-6392; E-mail: ruedi 
@u.washington.edu) 

Abbreviations: CID, collision-induced dissociation; MS/MS, tandem 
mass spectrometry; SAGE, serial analysis of gene expression 

Keywords: Proteome / Two-dimensional polyacrylamide gel electro- 
phoresis / Tandem mass spectrometry 



2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15—17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
piay-PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [2 1 , 22], it is now feasible to establish global and 
quantitative mRNA expression maps of ceils and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. R Gygi et al. y submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometric identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et a/., submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure I. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by 3S -S-radiolabelmg and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
For more experimental details, also see Figs. 5 and 6, (S. P. Gygi et aL % 
submitted). 

are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

2.3 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis; degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species, available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
"techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis — mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first sepsr- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 
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samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter* 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using W- terminal sequencing [26, 27], 
internal peptide sequencing [28, 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in^a 
fundamental change in the way proteins are identified iy 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electro transfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
*MS/MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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Figure 2. Schematic diagram of a procedure for identification of get- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 



raphy [39, 40) or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from geis into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a targe number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 CapHlary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 urn ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables . the formation 
of reproducible gradients at very low flow rates (low 
nL/rnin) without the need for flow splitting (A. Ducret 
et al. y submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40], This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by rhicroparticulates when ana- 
lyzing gel-separated proteins. 

3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis — mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44). While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 



1866 



P. A. Haynes et at. 



Electrophoresis 1998, 19, 1862-1871 



Electrode 



Reservoir 1 



Contact Pad* 



/ 



Liquid Junction 
♦1.7 to 1.9 kV 



FUaervotf 2 



Reservoir 3 
0.5 cm of device * | j 



12 cm capillary 
"PUMP" 



MS entrance 




Figure 3. Schematic illustration of a 
microfabricated analytical system for CE, 
consisting of a micromachined device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from (45 1, with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 jim in depth, and 50-70 um in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. . 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 




Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase arc numbered. Repro- 
duced from [451, w ' tn permission. 
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Figure 5. 2-DE separation of a lysate of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPO from 
pH 3—10, and the second dimension was a !0%T SDS-PAGB gel. Proteins were visualized by silver staining. Further details of experimental 
procedures are included in S. P. Gygi et at, (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of <0.2 and are thus of 
low abundance. 

This rinding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products' present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells; there are potentially 50000—100 000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48], 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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Figure 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. 1 ind 5. Further details of experimental procedures are 
included in S. P. Gygi et al. (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a. mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is.used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins. by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 
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tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49J. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively, 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research (12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 



alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure to-an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5-17.5%T gradient SDS-PAGU gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in [14, 49]. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay; and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
pi) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electro phoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficienLfor 
analysis or experimentation. The fact that to daterno 
complete proteome has been described further attest! to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however, a significant correlation was 
observed (r = 0.41; p = 0.05) among genes showing an expression difference of 10-fold or more. 
InteresFngly" this only" held true for estrogen receptor TER) po^tl^tuTfToTsT nolTRliegatiw."MedGehe" 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bio informatics • micro-array • text mining • gene-disease association • breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 1999. 1 This problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomics, which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curated, the labor-intensive review process becomes a rate- 
limiting step in the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach is automated text mining; a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3 " 7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 

Journal of Proteome Research 2003, Z 405-412 405 
Published on Web 06/13/2003 



research articles 




comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 

Methods 

MedGene Database. MedGene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq.med.harvard.edu/MedGene/). 

Text Mining Algorithms. MeSH Mies were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (http:// 
www.nlm.nih.gov/mesh/meshhome.html) and human disease 
categories were selected. LocusLink files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLink record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to ind ex Medlin e records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis, Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (http:// 
hipseq.med.harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-positive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotinylated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Asymetrix U95A oligonucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Asymetrix, and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1, or visit http://hipseq. 
meff H^arT.edu/RIe JGene7pub¥caff6n70^1e 1 .hunlTwere - 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCBI, 1112 which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18 th , 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this study, this lack of distinction is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the tide or 
abstract. Case-insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives in Unfiltered Data' 



source of error 



error type 



example 



Alter solution 



gene symbol/name false positive 

is not unique 



gene symbol is false positive 

unrelated abbreviation 

gene symbol/name false positive 

has language meaning 

nonstandard syntax false negative 

unofficial gene name/symbol false negative 

nonspecifled gene name false negative 



MAG-myelin 

associated glycoprotein 
MA (^malignancy-associated 

protein 

PA— pallid homologue (mouse), 
pallidin (also abbrev. for Pennsylvania) 

WMS-Wiskott-AIdrich Syndrome 
(also the word "was") 

BAG-1 instead of BAG I 

P53 instead of TP53 

estrogen receptor instead of 
Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



* In preliminary studies, Medline was searched for co-occurrence of genes and diseases and the resulting output was evaluated to Identify error sources that 
were amenable to global filters. Each error source is categorized by the type of error it causes: false positives are suggested relationships that are not real and 
false negatives are real relationships that are underrepresented. The filter solutions used are indicated. Note that in some cases, the filter solution itself introduces 
error. In general, error rates maximized sensitivity, even at the expense of specificity if needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor instead of 
estrogen receptor 1 {ESRS), creating a source of false negatives. 

For this reason.gene family stem -terms-were ereated- for -all 

genes that have an alpha or numerical suffix (e.g., IL2RA, TGFfi, 
ESR1, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some pre-selection 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second, non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g.. Lit 
I Health Educ, Bedside Nurse, and / Health Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene, 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD), 2 the Breast Cancer Gene Database(BCG), 1 GeneCards 
(GC) 17 and Swissprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases, 26 were absent from MedGene, suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion, Supplemental Table 2, or visit http://hipseq.med. 
harvard.edu/MedGene/publication/s_Table 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1.1%). Of note, 
MedGene identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information, Supplemental Table 3, or visit 
http://hipseq.med.harvard.edu/MedGene/publication/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
.reviewed, there jwjete only two ta_which.the.associaUQO.hetweeii_ 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 13,14 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrcvia - 



Supplemental Figure 1 , or visit http://hipseq.med.harvard.edu/ 
MedGene/publication/s_Figure l.html). For example, in one 
such cluster shown in Figure 2, diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (—9%) and down by the false positive rate (~26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it, although the range is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
.cancer only through pther_breast cancer genes (second : degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2, or visit http://hipseq.med.harvard.edu/MedGene/ 
publication/s_Figure 2.html.) Among the 505 previously un- 
related genes, 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes , 9 ha d been relate d t o other 



tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4, or visit http://hipse- 
q.med.harvai^.eidu/MedGene/publicatiori/s_Table 4. html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESR1 and 10 to ESR2 % whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESR1 or ESR2 % 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information, 



cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r — 0.018, p-value = 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.41 (p-value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders, etc.(Supplemental Figure 1: http://hipseq.med. 
harvard.edu/MedGene/publication/s_Figure 1 .html). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend in correlation for hyperten- 
sion. 
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Figure 3. Relationship between literature score and functional data for breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference in 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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Table 2. Top 25 Genes Related to Selected Human Diseases" 



breast neoplasms 


hvnprtpftftl nn 

I IV UCJ LCI 101U1 I 


fhpiimAtnlH arthritis 


bipolar disorder 


atherosclerosis 


estrogen receptor 


REN 


RA 


ERDA1 


apolipoprotein 


PGR 


DBP 


TNFRSF10A 


SNAP29 


APOE 


ERBB2 


LEP 


CRP 


PFKL 


LDLR 


BRCA1 


AGT 


AS 


DRD2 


ELN 


BRCA2 


INS 


ESR1 


TRH 


ARG1 


EGFR 


kallikrein 


HLA-DRB1 


IMPA2 


APOB 


CYP19 


ACE 


DR1 


HTR3A 


AP0A1 


TFF1 


endothelin 


interleukin 


DRD3 


MSR1 


PSEN2 


SJO0A6 


TNF 


REM 


LPL 


TP53 


BDK 


IL6 


KCNN3 


P0N1 










plasminogen 


CES3 


DIANPH 


collagen 


DRD4 


activator inhibitor 


CEACAM5 


SARI 


ILIA 


HTR2C 


PLC 










vascular cell 


ERBB3 


PIH 


ACR 


RELN 


adhesion molecule 


cyclin 


CD59 


TNFRSF12 


DBH 


AT0H1 


COX5A 


ALB 


IL2 


MA OA 


VWF 


cathepsin 


CYP11B2 


CHI3L1 


COMT 


INS 


ERBB4 


MAT2B 


IL8 


HTR2A 


ARG2 




angiotensin 








TRAM 


receptor 


interleukin 1 


SYNJ1 


ABCA1 






matrix 






CCND1 


AGTR2 


metalloproteinase 


INPP1 


0LR1 


EGF 


NPPA 


interferon 


NEDD4L 


collagen 


MUC1 


LVM 


CD68 


FRA13C 


MCP 








transducer of 




insulin-like 


DBH 


1L4 


ERBB2 


lipoprotein 


BCL2 


NPY 


IL17 


BAIAP3 


AP0A2 










intercellular 


mucin 


POMC 


MMP3 


ATP1B3 


adhesion molecule 


-FGF3 - 


neuropeptide - - . - 


— SIL 


DRD5 . 


. ...-RAB27A ... 



* MedGene results for the top 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to all the papers co-citing the gene and the disease is available at MedGene website (http://hipseq.med.harvard.edu/ 
MedGene/). 



Discussion 

The Human Genome Project heralded a new era in biological 

research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene, a relational database 
derived by mining the information in Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlinked to the original papers 
supporting each association and to other relevant databases. 

MedGene is an innovative extension of previous text mining 
approaches. Perez-Iratxeta et al. used the GO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to Inherited disorders. 8 MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships. 6 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.med.harvard.edu/MedGene/publication/s_Ta- 
ble 3.html). Of c ours e , re lationships e stablished by fr e qu e ncy 
of co-citation do not necessarily represent a true biological link; 
however, it is strong evidence to support a true relationship. 

Another important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, afl of the filters that we applied were general 
ones, e.g., expanding the list of all gene names to address the 
different syntax forms used by different journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5 -fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not in ER+ Breast Tumors 



gene symbol 


iota cfiangc iuktj 


(Old CJUUlgC \EJ\. f 


KRTHBl 


1.0 


610.8 


BRS3 


1.2 


89.4 


DKK1 


1.2 


69.8 


ZICJ 


1.9 


59.6 


TLR1 


1.0 


38.5 


KIAA0680 


2.6 


33.2 


CDKN3 


1.0 


30.6 


EBI2 


4.0 


27.9 


GZMB 


3.8 


21.9 


STK18 


4.7 


18.6 


GPR49 


1.0 


14.6 


MYO10 


1.6 


14.4 


LAD l 


-1.0 


13.5 


POLE2 


4.2 


13.0 


HMG4 


4.4 


12.9 


BCL2L1 1 


-1.2 


12.3 


LRP8 


2.9 


12.2 


CCNB2 


1.0 


11.8 


CCNE2 


4.0 


11.6 


FGB 


-4.3 


11.1 


KNSL6 


2.9 


10.9 


H1F5 


3.0 


10.2 




4 fi 

*t.o 


10 2 


YAP1 


1 0 


inn 






—in 4 




— 1 1 


— in 


TFF1 


1 ^ 




COLI7A1 


—4.1 


-15.7 


POPS 


i!i 


-16.2 


-- BPAG1 


- 4t6 


- -2-2,3 


PDZK1 


-1.1 


-36.8 


VEGFC 


-2.8 


-51.5 


MUC6 


-1.4 


-64.9 


SERPWA5 


-1.0 


-83.1 


MEIS1 


-1.6 


-85.9 


CAJ2 


2.4 


-150.3 



Table 3. MedGene identified a set of relatively understudied, yet highly 
expressed genes in ek negative, Dut not tK positive oreast tumors. All of 
these genes have either never been co- cited with breast cancer or have a 
weak association except those marked with an *. 



reflects the many genes whose role in breast cancer may not 
involve large changes in expression in sporadic tumors (e.g.. 
BRCA1 and BRCA2) and genes whose modest changes in 
expression may be unrelated "to the disease. Strikingly, among 
genes with a 10-fold change or more in expression level there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulations that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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